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ABSTRACT 

 

Surfactants containing natural structural motifs – like amino acids, sugars and 

fatty acids – obtained from renewable raw materials have emerged as alternatives to 

conventional surfactants, in order to reduce undesirable impacts on the environment 

and to save fossil resources. Amino acid-based surfactants, in particular, have been 

shown to possess interesting biological functionality (for instance, as anti-viral, anti-

neoplasic, and gene/drug delivery agents), together with enhanced surface properties 

and more versatile aggregation properties, as compared to their conventional 

homologues. When biomedical and pharmaceutical applications are to be considered, 

biocompatibility (viz. low level of citoxicity and ease in biodegradability) is also an 

important requirement. All these comparative advantages can be potentially provided 

by rationally designed amino acid-based surfactants. 

Furthermore, it has been shown that surfactants with a dimeric structure 

(commonly designated as gemini surfactants) are more efficient in terms of surface 

activity than the corresponding monomeric ones owing to their molecular structure, 

namely their double-chained nature. Moreover, for this type of surfactants, the 

presence of a covalent spacer between polar headgroups, whose chemical nature and 

length can be varied, provides an important degree of freedom in terms of aggregation 

properties.  

In this context, the general goal of this dissertation work has been the design, 

synthesis and physicochemical characterization of a variety of ionic amino acid-based 

surfactants. Special emphasis was placed on the synthesis of serine-based 

surfactants, both monomeric and dimeric (gemini). The exploration of the surface and 

colloidal properties of the surfactants followed, with a particular focus on the 

development of the conditions to form spontaneous and stable liposomes, which in 

turn may function as suitable nanocarriers for biomolecules of therapeutic interest. 



 

 

In the first part of this work, the synthetic methodologies for the synthesis of the 

compounds were established. Both monomeric (single and double-chained) and 

gemini amphiphiles were aimed at. All the compounds synthesized have the alkyl 

chain introduced at the nitrogen atom of the amino acid, with alkyl chains of varying 

chain length (C12-C18) being used. For the synthesis of gemini surfactants, methylene 

spacers with different length (C2, C5, C10 and C12) were employed. These spacers 

were introduced either at the amino group or at the carboxylic acid group of the 

appropriate monomeric precursor. Thus, three novel families of gemini surfactants 

were synthesized: the amine series, herein designated as (nSer)2Nm; the amide 

series, designated as (nSer)2CONm, and the ester series designated as 

(nSer)2COOm. All the compounds were obtained, in general, with good yields. 

In the second part of this work, the interfacial and aggregation properties of the 

synthesized compounds were investigated, by means of tensiometry and 

conductimetry, in order to assess the influence of the headgroup nature, alkyl chain 

length and spacer length, on the physicochemical profile of the surfactant. It has been 

observed that the critical micelle concentration of the surfactants decreases with 

increasing chain length and is also dependent on the chemical nature of the polar 

group (namely, on its size and charge density). An important observation borne out is 

that in aqueous solution, surfactant (12Ser)2N12 aggregates into micelles, while 

(12Ser)2CON12 and (12Ser)2COO12 spontaneously form vesicles. Therefore, changes 

at the level of the polar headgroup in structurally very similar compounds can result in 

significant variations in the self-assembly properties. Cytotoxicity tests also revealed a 

relevant influence of the variation in chemical structure.  

For the serine-based gemini surfactants that have shown vesicle-forming 

properties, a more detailed physicochemical study was then carried out. 

Characterization of vesicle morphology, zeta potential and stability was performed by 

video-enhanced light microscopy (VELM), dynamic light scattering (DLS) and cryo-

scanning electron microscopy (cryo-SEM). The results obtained from DLS and VELM 

imaging have shown that the populations are very polydisperse, with sizes in the range 

of 100 nm to several m. Cryo-SEM imaging also revealed the presence of 

multilamellar vesicles.  

Taking into account that these amphiphiles are cationic, the interaction of the 

previously characterized aggregates with DNA was also explored, in the context of 

non-viral gene delivery. For this study, gemini surfactants with alkyl chains of 12 



  

 

carbon atoms and spacers of 12 carbon atoms were selected from each series (amine, 

amide and ester series). The interaction of two types of aggregates (micelles and 

vesicles) with DNA, at different charge ratios and in presence or absence of a helper 

lipid (DOPE), was investigated using dynamic light scattering, fluorescence 

spectroscopy and cryo-SEM. All the compounds were shown to efficiently compact 

DNA (α > 90 %), but relevant differences were obtained in terms of size, zeta potential 

and stability of the lipoplexes formed. These differences were tentatively rationalized in 

terms of the headgroup differences of the compounds and the type of aggregates 

initially present prior to DNA condensation. 

In the final part of this work, a comprehensive investigation of the phase 

behavior and microstructural properties of aqueous mixtures of monomeric cationic 

and anionic serine-based surfactants was undertaken. The main goals here were two-

fold: (i) to explore the possibility of forming spontaneous, stable and versatile (namely 

in terms of size and surface charge) liposomes; (ii) to probe the effect of using 

combinations of surfactants with strong mismatch in alkyl chain length (here 

designated as asymmetric systems) or no mismatch (symmetric systems) in the 

aggregation properties. Thus, the phase behavior and microstructure of serine-based 

catanionic mixtures composed by single-chained cationic (C12, C16,) and double-

chained anionic (C8-8, C12-12) surfactants were investigated. Phase maps have been 

studied for the two mixtures (12Ser/K12-12Ser and 16Ser/K8-8Ser) with the main 

purpose of finding regions where vesicles form spontaneously. Significant differences 

in the phase behavior have been observed and have been interpreted in terms of 

chain length symmetry effects, within the critical packing parameter and mean 

spontaneous curvature models. 

For the two systems, vesicle regions are found in the cationic- and anionic-rich 

side. In the cationic-rich side, this occurs for the composition ranges of  

0.43 < x16Ser < 0.70 and 0.67 < x12Ser < 0.80 in the 16Ser/K8-8Ser and 12Ser/K12-

12Ser, respectively, where xi represent the molar fraction of the cationic surfactant in 

the mixture. The vesicles formed by 16Ser/K8-8Ser system are spherical and single-

walled, showing no defects and having a slightly broader size distribution, with an 

average radius, r,of 100 nm. In the symmetric system (12Ser/K12-12Ser), VELM and 

DLS show the presence of multilamellar (r > 4 m) and unilamellar (r ≈ 300 nm) 

vesicles. For an excess of anionic surfactant, turbid dispersions are observed in both 

systems, presenting vesicles and multilamellar structures; however, for the 12Ser/K12-



 

 

12Ser system these vesicular dispersions coexist with crystallites. Through rational 

design and rigorous multitechnique characterization, this study confirmed the 

possibility of forming both cationic and anionic vesicles based on surfactants derived 

from the same amino acid. This is a pioneering study in the literature, opening the door 

to a range of biologically relevant applications for these aggregates in terms of 

molecular delivery. 

KEYWORDS: amino acids, gemini surfactants, synthesis, self-assembly and vesicle



 

 

 

RESUMO 

 

Os tensioativos baseados em fontes naturais renováveis, como os 

aminoácidos, açúcares e ácidos gordos, surgiram como alternativa viável aos 

tensioativos convencionais, permitindo uma redução do impacto no meio ambiente e a 

preservação dos recursos não renováveis, tais como os combustíveis fósseis. Os 

tensioativos baseados em aminoácidos, em particular, possuem características 

biológicas interessantes (por exemplo, como antivíricos, antineoplásicos, e como 

agentes na veiculação de genes/fármacos), bem como propriedades interfaciais 

melhoradas e propriedades de auto-agregação mais versáteis, quando comparados 

com os homólogos tensioativos convencionais. Considerando a aplicação destes 

compostos em formulações farmacêuticas e biomédicas, importa minimizar a sua 

citotoxicidade e melhorar a biocompatibilidade e biodegradabilidade. Um desenho 

racional, a nível molecular, dos tensioativos baseados em aminoácidos deverá 

permitir a obtenção de compostos providos de todas essas vantagens.  

Para além disso, tem-se observado que os tensioativos com uma estrutura 

dimérica (usualmente designados como tensioativos gemini) são mais eficientes em 

termos de atividade interfacial que os correspondentes compostos monoméricos, 

devido à sua estrutura molecular, nomeadamente à existência da dupla cadeia. 

Acresce que, para este tipo de tensioativos, a presença de um espaçador covalente 

entre as cabeças polares, cuja natureza química e comprimento pode variar, confere 

graus de liberdade bastante importantes em termos das suas propriedades de 

agregação. 

Neste contexto, o principal objetivo neste doutoramento foi o desenho, a 

síntese e caracterização físico-química de uma variedade de tensioativos iónicos 

derivados de aminoácidos, com particular ênfase na síntese de tensioativos 

monoméricos e diméricos (gemini) derivados de serina. Com o objetivo de se explorar 

as propriedades interfaciais e coloidais dos tensioativos, e desenvolver as condições 



 

 

favoráveis à formação espontânea de vesículos, procedeu-se ao mapeamento do 

comportamento de fase. 

Na primeira parte do trabalho, foram desenvolvidas as metodologias utilizadas 

na síntese dos compostos monoméricos (cadeia simples ou dupla) e diméricos. Todos 

os tensioativos sintetizados possuem a cadeia alquílica ligada ao átomo de azoto do 

aminoácido, tendo sido utilizados grupos alquilo de diferentes comprimentos de 

cadeia (C12-C18). Na síntese dos tensioativos gemini procedeu-se à introdução de 

espaçadores metileno de diferentes comprimentos (C2, C5, C10 e C12). Os 

espaçadores foram introduzidos quer no grupo amino quer no grupo carboxílico do 

precursor monomérico apropriado. Assim, sintetizaram-se três novas famílias de 

tensioativos gemini: a série amina, designada como (nSer)2Nm; a série amida, 

designada por (mSer)2CONm, e a série ester, designada como (nSer)2COOm. Todos 

os compostos foram obtidos com bons rendimentos. 

Na segunda parte do trabalho, foram estudadas as propriedades interfaciais e 

de agregação dos tensioativos sintetizados, através de tensiometria e condutimetria, 

de modo a determinar-se a influência da natureza do grupo polar, do comprimento da 

cadeia e do espaçador, no perfil físico-químico do tensioativo. Verificou-se que o 

aumento da cadeia hidrocarbonada dos tensioativos induz uma diminuição do valor da 

concentração micelar crítica, que é também dependente na natureza química da 

cabeça polar (nomeadamente do tamanho e densidade de carga). Uma observação 

importante verificada é que em solução aquosa, o tensioativo (12Ser)2N12 se agrega 

em micelas, enquanto que os tensioativos (12Ser)2CON12 e (12Ser)2COO12 formam 

espontaneamente vesículos. Assim, pequenas mudanças ao nível do grupo polar em 

compostos estruturalmente similares podem resultar em variações significativas nas 

suas propriedades de auto-agregação . Os testes de citotoxicidade também revelaram 

um efeito relevante da variação da estrutura química. 

Para os derivados gemini de serina que mostraram formar espontaneamente 

vesículos foi então efetuado um estudo físico-químico mais detalhado. A 

caracterização das propriedades estruturais dos vesículos em termos de morfologia, 

potencial zeta e estabilidade, foi efectuada com recurso às técnicas de microscopia de 

luz polarizada equipada com contraste de interferência diferencial, dispersão dinâmica 

de luz (DLS) e microscopia eletrónica de varrimento criogénica (cryo-SEM). Os 

resultados obtidos por DLS e por microscopia de luz mostraram que as populações 

vesiculares são muito polidispersas, com tamanhos que variam dos 100 nm até vários 



  

 

µm. Através das micrografias obtidas por cryo-SEM foi possível verificar a presença 

de vesículos multilamelares. 

Uma vez que estes tensioativos são catiónicos, a interação dos seus 

agregados, previamente caracterizados, com DNA foi também estudada, para avaliar 

as suas potencialidades como vetores não-virais em entrega genética. Para este 

estudo, foram selecionados de cada série (série amina, amida e éster) os tensioativos 

gemini com cadeias alquílicas e espaçador de 12 átomos de carbono. Estudou-se a 

interação de dois tipos distintos de agregados (micelas e vesículos) com DNA, a 

diferentes razões de carga e na presença de um lípido adjuvante (DOPE), por recurso 

a técnicas como DLS, microscopia de fluorescência, espectroscopia de fluorescência 

e cryo-SEM. Todos os sistemas mostraram ser capazes de compactar eficientemente 

DNA, com percentagens de compactação da ordem dos 90%. Contudo, foram 

encontradas diferenças significativas em termos do tamanho, potencial zeta e 

estabilidade dos lipoplexos formados. Estas diferenças foram atribuídas às diferenças 

do grupo polar, bem como ao tipo dos agregados iniciais presentes, previamente à 

compactação com DNA. 

A última parte do trabalho consistiu no estudo do comportamento de fase e 

das propriedades microestruturais de misturas aquosas de tensioativos monoméricos 

catiónicos e aniónicos derivados da serina. Pretendeu-se: (i) determinar a gama de 

composições do sistema favoráveis à formação espontânea de vesículos estáveis e 

versáteis (nomeadamente em termos de tamanho e carga superficial); (ii) investigar o 

efeito de combinações de tensioativos com grandes diferenças no comprimento da 

cadeia alquílica (designados por sistemas assimétricos) ou com igual comprimento de 

cadeias (designados por sistemas simétricos) nas propriedades de agregação. Assim, 

investigou-se o comportamento de fase e a microestrutura das misturas cataniónicas 

de serina, constituídas pelos tensioativos catiónicos de cadeia simples (C12, C16) e 

pelos tensioativos aniónicos de cadeia dupla (C8-8, C12-12). O comportamento de 

fase foi estudado para duas misturas cataniónicas (12Ser/K12-12Ser e 16Ser/K8-

8Ser) com o objetivo principal de encontrar regiões fásicas de formação espontânea 

de vesículos. Foram encontradas diferenças significativas no comportamento de fase 

das misturas, as quais foram interpretadas em termos da simetria do comprimento das 

cadeias, recorrendo-se aos modelos do parâmetro crítico de empacotamento e da 

curvatura espontânea média. 



 

 

Os dois sistemas mostraram regiões de vesículos, na região catiónica e na 

região aniónica. No lado catiónico, esta região ocorre entre as composições  

0.43 < x16Ser < 0.70 and 0.67 < x12Ser < 0.80, para as misturas 16Ser/K8-8Ser e  

12Ser/K12-12Ser, respetivamente, onde xi representa a fração molar do tensioativo 

catiónico na mistura. Os vesículos formados pelo sistema 16Ser/K8-8Ser são 

esféricos, unilamelares e apresentam um tamanho médio de 100 nm. 

No sistema assimétrico (12Ser/K12-12Ser) por VELM and DLS observam-se vesículos 

unilamelares (r ≈ 300 nm) e multilamelares (r > 4 m). No lado rico em tensioativo  

aniónico, os dois sistemas apresentam dispersões túrbidas azuladas, observando-se 

vesículos e estruturas lamelares; no entanto, para o sistema 12Ser/K12-12 estas 

dispersões vesiculares coexistem com pequenos cristalitos. Assim, através do 

desenho racional e de uma caracterização rigorosa recorrendo a várias técnicas, foi 

possível confirmar a formação quer de vesículos catiónicos quer aniónicos, baseados 

em tensioativos derivados do mesmo aminoácido. Este trabalho representa um estudo 

pioneiro na literatura, abrindo as portas para uma série de aplicações biológicas 

relevantes para estes agregados no que se refere a veiculação molecular. 

 

PALAVRAS CHAVE: aminoácidos, tensioativos gemini, síntese, auto-agregação e 

vesículos 
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Cryo-TEM Cryogenic transmission electron microscopy 

Cryo-SEM Cryogenic scanning electron microscopy 

CTAB Cetyl (or hexadecyl)trimethylammonium bromide 

CTAC Cetyl (or hexadecyl)trimethylammonium chloride 

C12E5 Pentaethyleneglycolmonodecylether 

DCC N, N’ – dicyclohexylcarbodiimide 

DCE 1, 2 – dichloroethane 

DCM Dichloromethane 

DIC N, N’ – diisopropylcarbodiimide or Differential interference contrast 

DDAB Didodecyldimethylammonium bromide 

DDAC Didodecyldimethylammonium chloride 

DHU N,N’-dicyclohexylurea  
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DLS Dynamic light scattering 

DMAP 4-(N,N-dimethylamino)pyridine 

DMF Dimethylformamide 

DNA Deoxyribonucleic acid 

DSC Differential scanning calorimetry 

DTAB Dodecyltrimethylammonium bromide 

DTAC Dodecyltrimethylammonium chloride 

EDC 1-ethyl-3-(3’dimethylamino)carbodiimide HCl salt 

ESI-MS Electrospray ionization mass spectrometry 

Fmoc 9-Fluorenylmethyloxycarbonyl group 

GUVs Giant unilamellar vesicles 

HMPA Hexamethylphosphoric triamide 

HRMS High-resolution mass spectrometry 

HOAt 1-hydroxy-7-azabenzotriazole 

HOBt 1-hydroxybenzotriazole 

HOPtf Pentafluorophenol 

HOSu N-hydroxysuccinimide 

LABS or LAS Alkylbenzene sulfonates 

LM Light microscopy  

LUVs Large unilamellar vesicles 

MLVs Multilamellar vesicles 

NMR Nuclear magnetic resonance; Proton (
1
H-NMR) and Carbon (

13
C-NMR) 

Oxyma ethyl 2-cyano-2-(hydroxyimino)acetate 

PC Phosphocolines 

PLM Polarized light microscopy 

PNP Pentafluorophenol 

PyBOP Benzotriazol-1-yloxytris(pyrrolidino)phosphonium hexafluorophosphate 

PyOxim 
1-cyano-1-ethyloxycarbonyl)methylideneamino-oxy]tri(pyrrolidin-1-yl) 
phosphonium hexafluorophosphate 

Quats Quaternary ammonium salts 

SDS Sodium dodecylsulfate 

SOS Sodium octylsulfate 

SUVs Small unilamellar vesicles 

TASo Hexadecyltrimethylammonium octylsulfonate 

TBDPS tert-butyldiphenylsilyl group 

TBTU O-(Benzotriazol-1-yl)-N,N,N',N'-tetramethyluronium tetrafluoroborate 

TFA Trifluoroacetic acid 

TMS Tetramethylsilane 

TPAP Tetrapropylammonium perruthenate 

VELM Video-enhanced light microscopy 
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SYMBOLS 

ahg Optimal surfactant headgroup area 

 Degree of counterion dissociation  

c0 Spontaneous curvature 

C Surfactant counterion 

 Chemical shift 

F Force 

 Surface excess 

 Surface tension 

G Gibbs energy 

H1 Hexagonal phase 

I1 Cubic phase 

lhc Hydrocarbon chain length 

L1 Micellar phase 

Lα Lamellar phase 

L3 Sponge phase 

m Number of carbon atoms in the spacer 

Nag Aggregation number 

N.A. Numerical aperture 

NA Avogadro's number 

n Amount of substance in mol, number of carbon atoms in the alkyl chaim 

P Micelle net charge 

Ps Surfactant criticalpacking parameter 

R Ideal gas constant  

Rm Minimum critical radius for a vesicle  

R1, R2 Principle curvature radii 

S Surfactant unimer 

[S] Surfactant unimer concentration 

T Absolute temperature  

TKr Krafft temperature 

Tm Gel-to-liquid crystal transition temperature 

t Time 

θ Temperature in Celsius degrees  

V Vesicle region or cubic phase: bicontinuous structure  

Vhc Volume of hydrocarbon chain 

w Log-normal distribution width 

x Molar fraction 
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CHAPTER 1 

INTRODUCTION 

 

Surfactants are amphiphilic substances consisting of two distinct regions in their 

molecular structure: a polar headgroup with affinity towards water (hydrophilic) and a 

nonpolar tail, usually a long alkyl chain, which avoids contact with the polar solvent, 

preferring oily environments (lipophilic). Gemini surfactants are a particular class of 

surfactants, consisting of 2 polar head groups and 2 non-polar hydrocarbon tails per 

molecule, linked by a spacer group of varying length. Generally surfactants are 

classified according to their polar headgroup, as cationic, anionic, nonionic or 

zwitterionic.  

Surfactants, due to the coexistence of both lipophilic and hydrophilic moieties on the 

same molecule, have the ability to adsorb at interfaces and to self-assemble in solution 

(figure 1.1.).1 This behavior as well as the structural diversity of surfactants justifies 

their application in many technical and industrial processes such as detergency, 

emulsification, solubilization, wetting, rheological modification, templating and drug 

delivery, amongst others.1,2 In view of this importance, many methodologies for their 

synthesis have been established. Environmental concerns led further to the 

emergence of novel surfactants with enhanced biocompatibility/biodegradability 

profiles, mostly based on natural structural motifs. 
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Figure 1.1 Schematic representation of the behavior of a surfactant in solution.  

 

The adsorption of surfactants reduces the interfacial tension at the interface. Polar and 

non-polar phases do not mix to any significant degree (water and air, or water and oil); 

instead they try to minimize the contact between them. The creation of an interface 

between these phases is very unfavorable and is associated with a significant excess 

Gibbs energy (high interfacial tension). The adsorption of surfactants at the interface 

will create thus, a less frustrated situation for the system, reducing its Gibbs energy 

(lower interfacial tension). In the case of water-air interface, there is a limit to the 

surface tension lowering effect by the surfactant which is normally attained when the 

solution is saturated on surfactant unimers.  

In order to minimize the unfavorable contact of the hydrophobic tails with the solvent, 

the surfactant molecules tend to form, in the bulk of the solution, different types of 

colloidal assemblies, ranging from micelles and liposomes to liquid-crystalline 

structures, depending on the type of surfactant and its concentration.3 This process is 

usually called surfactant self-assembly and is driven by the hydrophobic effect.4 

Micelles are the simplest aggregate that a surfactant can form. Micellization occurs 

above the Krafft temperature (TKr) of the surfactant, when its concentration exceeds a 

critical value, known as the critical micelle concentration (cmc). These concepts will be 

described in more detail in section 1.5.  
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1.1. SURFACTANTS: DESIGN AND SYNTHESIS 

 

 

For over 2000 years, surfactants have been used in various aspects of daily life, for 

washing, cosmetics and housecleaning. The oldest surfactants known are natural 

soaps, mainly used in personal care and in the detergent industries. They remained 

the only source of natural detergents from the seventh century until the early twentieth 

century, when, in response to a World War I-related shortage of fats for making soap, 

the first synthetic detergent was developed. 

In the past decades new surfactants, containing anionic, cationic, non-ionic or 

zwitterionic head groups, have proliferated 1 offering unique properties and features to 

both industrial and household markets. The design of new functionalized surfactants 

depends critically on the nature and placement of additional functional groups as slight 

modifications of the molecular structure may significantly alter the performance of the 

compounds. A solid understanding of the properties of surfactants at a molecular level 

is imperative in order to be able to tailor the compounds to fulfill specific efficiency 

requirements for a targeted application. More recently, biodegradability, toxicity and a 

growing environmental awareness led to the design of surfactants containing natural 

structural motifs, like amino acids, sugars and fatty acids, in their constitution. In fact, 

the different industrial applications of surfactants require increasingly the use of natural 

and renewable starting materials, a reduced number of high yield synthetic steps and 

final products devoid of toxicity and easily biodegradable.5-12 

Interestingly, throughout the modifications introduced aimed at the improvement of the 

surfactant’s profile, their key structural feature consisting of one polar head group and 

one non polar tail, had remained intact until 30 years ago. Therefore, the emergence of 

gemini surfactants in the late 1980s was one of the most exciting developments in the 

field of surfactant chemistry. Being structures composed of two hydrophilic groups and 

two hydrophobic tails per molecule linked to each other by a spacer group, these 

compounds present much superior physicochemical properties (lower cmc’s, higher 

surface activity and versatile self-assembly) than the conventional single-chained 

ones.13 Thanks to their enhanced performance, gemini surfactants find use in a myriad  
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of applications and are of particular interest for biomedical applications where their 

potential as agents in gene therapy is being explored.14,15  

One of the recent developments in surfactant design, especially concerning biomedical 

applications, is the inclusion of some stimuli responsiveness into the molecules: 

cleavable surfactants, pH or temperature responsive surfactants are just a few 

examples. These new features allow a better efficiency due to variations in the 

aggregate structure resulting from modifications of the molecular structure in response 

to the stimulus.16-18 

 

 

1.2 MONOMERIC SURFACTANTS 

 

 

Monomeric surfactants are amphiphilic molecules that contain only one polar 

headgroup linked to a hydrophobic moiety, which in most cases consists of one or 

more long alkyl chains. Surfactants are usually classified according to the nature of 

their headgroup as anionic, cationic, non-ionic or zwitterionic.1 

In this section, the methodologies of synthesis of some compounds belonging to each 

subclass will be briefly reviewed. 

 

 

1.2.1 Anionic surfactants 

 

The most common polar headgroups found in anionic surfactants are carboxylates, 

sulfonates, sulfates and phosphates. Most of these surfactants find use in detergent 

formulations. Alkyl/alkenyl carboxylates (also known as soaps) were the first type of 

anionic surfactants being produced. They can be readily assessed by saponification of 

triglycerides obtained from natural oils (usually tallow, coconut and palm) or fats. 

Because of the low hard water stability carboxylates, numerous attempts have been 

made to develop more soluble and less corrosive soap substitutes.1,11 Thus, alkyl 

benzene sulfonates, alkyl sulfates and phosphates have emerged, and replaced the 

carboxylates in many applications due to their enhanced performance. Furthermore,  
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some of them (phosphates) were found to be useful not only as detergents but also as 

anti-corrosives.  

 

Concerning the synthesis of these compounds, they can be obtained either from 

petrochemical sources (alkanes, alkenes, benzenes…) or from natural sources (fatty 

acids): 

- Alkyl benzene sulfonates (ABS) can be prepared by sulfonation of alkyl 

benzenes using sulfur trioxide. This reaction occurs via an intermediate  

pyrosulfonic acid: 

 

The resulting benzenesulfonic acids are subsequently neutralized (NaOH) 

yielding the corresponding salts. The alkyl benzenes used as raw materials are  

 

obtained by alkylation of benzene with alkenes or alkyl chlorides using HF or 

AlCl3 (Friedel-Crafts alkylation) as catalysts. Initially, the ABS synthesized 

contained branched alkyl chains; however, due to their low biodegradability 

they were replaced by linear counterparts, named linear alkylbenzene 

sulfonates (LABS or LAS).  

 

- Alkyl sulfate-derivatives are synthesized following a similar procedure to 

sulfonation using primary alcohols as raw materials. The alcohols can be linear 

or branched and typically contain eight to sixteen carbon atoms. They are 

commonly produced by hydrogenation of the corresponding fatty acids or by 

polymerization of ethylene using Al(C2H5)3 as catalyst (Ziegler Natta reaction). 

The resulting surfactants are monoesters of sulfuric acid, containing a labile 

ester bond which can be easily cleaved at low pH. Within this subclass of 

surfactants, sodium dodecylsulfate (SDS) is by far the most important: 
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- Phosphate-based amphiphiles are produced by phosphorylation of fatty 

alcohols: 

 

The reaction yields a mixture of mono- and diesters of phosphoric acid which is 

further treated with alkaline solution to give the corresponding salts. Alkyl  

phosphates find use in the metal work industry, due to their anticorrosive 

properties. 

 

The continuous efforts to find ever more active and less toxic compounds for specialty 

applications led to the use of natural synthons as polar headgroups and, in the 90s, 

anionic amino acid-based surfactants emerged as a novel class of biofriendly and 

biocompatible compounds. Some pioneer works are, for instance, those from Imae et 

al., who have reported interesting self-assembling properties of surfactants derived 

from aspartic acid, glutamic acid and alanine, and from Infante and co-workers, who 

performed the synthesis of lysine-based amphiphiles and their physicochemical and 

biological evaluation.19,20 Lysine derivatives present high biodegradability, low aquatic 

toxicity and low haemolytic activity.20-22 These compounds have been extensively 

studied in order to assess their potential risks in terms of eye and skin irritation.23 The 

results showed that lysine derivatives are less cytotoxic than classical anionic 

surfactants which make them particularly interesting for pharmaceutical, food and 

cosmetic formulations. 

 

In the last years, many other amino acid-based anionic surfactants have been 

synthesized and studied.24 Most of them are N-acyl amino acid carboxylates (fatty 

amides of amino acids). These surfactants are commonly obtained by reaction with 

alkanoyl (acyl) chlorides; however, peptide condensation methods have also been 

explored. In the latter case, the activation of the carboxylic component is performed in 

situ by using coupling agents. Due to the importance of this methodology to the 

synthesis of the amino acid based surfactants, object of the present research work, the  
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evolution assisted when it comes to coupling reagents will be described in some 

detail.25,26 

 

In fact, in the last decades, the design and synthesis of innovating coupling reagents 

has been an area of intense research. Most of the new developments were originally 

aimed towards the highly demanding and specialized field of peptide synthesis. Today, 

peptides are routinely synthesized on solid support using automated systems. 

Nevertheless, the significant number of coupling agents that are commercially 

available has expanded the arsenal of the synthetic chemist for the formation of any 

type of amide/ester bonds. Table 1.1 gives some examples of coupling reagents 

commonly used in peptide synthesis. 

 

N,N’-dicyclohexylcarbodiimide (DCC) has been the most important reagent for 

activating carboxylic acid groups since Sheehan and Hess reported their results, in 

1955.27 DCC may be used to synthesize symmetric anhydrides and active esters or it 

may be employed as direct coupling reagent. Currently, many other carbodiimides can 

be used. N, N’-diisopropylcarbodiimide (DIC) and 1-ethyl-3-

(3’dimethylamino)carbodiimide HCl salt (EDC or WSC·HCl) are just two examples 

(table 1.1). The difference in solubility of their urea by-products can be advantageously 

used during purification. Thus, in DCC-mediated couplings the urea by-product, N,N’-

dicyclohexylurea (DHU), is rather insoluble and can be eliminated by filtration. On the 

contrary, dimethylaminopropyl-3-ethylurea (EDC-mediated couplings by-product) is 

extremely water soluble and can be easily eliminated by liquid-liquid extraction. The 

slight solubility of N,N’-diisopropylurea in dichloromethane, on the other hand, renders 

DCI a more suitable coupling agent than DCC for solid-phase synthesis. 

 

Carbodiimide-mediated couplings however, present some problems. Often 

racemization and formation of unreactive N-acylureas are observed. This side reaction 

can be minimized by adding appropriated nucleophiles to the condensation medium. 

Compounds containing a benzotriazole core such as 1-hydroxybenzotriazole (HOBt) 

and 1-hydroxy-7-azabenzotriazole (HOAt) are commonly used for this purpose (table 

1.1). The combination of 4-(N,N-dimethylamino)pyridine (DMAP) with carbodiimides  
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also proved to be very efficient. Additives based on other compounds, such as N- 

hydroxysuccinimide (HOSu), p-nitrophenol (PNP) or pentafluorophenol (HOPtf) can 

also be used; however, their performance is not comparable to HOBt and HOAt, since 

their active esters are less reactive than benzotriazole-based ones.26 

 

Table 1.1 Coupling reagents (and auxiliary nucleophiles) for peptide synthesis. 

 

 

 

 

In the last decades, efficient catalysts, which already incorporate such nucleophiles, 

have been proposed as elegant solutions for peptide couplings.26 Among them, HOBt- 



FCUP 
INTRODUCTION 

41 

 
 

and HOAt-based onium salts have been designed. They can be sorted, according to 

their nature, as uronium [HATU: O-(7-azabenzotriazol-1-yl)-1,1,3,3-bis(penta 

methylene)uronium hexafluorophosphate and TBTU: O-benzotriazol-1-yl-1,1,3,3-

tetramethyluronium tetrafluoroborate] and phosphonium salts [BOP: benzotriazol-1-

yloxytris(dimethylamino)phosphonium hexafluorophosphate and PyBOP: benzotriazol-

1-yloxytris(pyrrolidino)phosphonium hexafluorophosphate]. Their mechanism of action 

is outlined in scheme 1.1 using BOP as example. 

 

Scheme 1.1 Mechanism of BOP-mediated coupling. 

 

Recently, Oxyma [ethyl 2-cyano-2-(hydroxyimino)acetate] has been 

tested as an additive for use in carbodiimide-based couplings.28 The 

excellent results obtained with this compound led to the  

development of novel coupling reagents based on its core structure 

(table 1.1), such as COMU [(1-Cyano-1-ethyloxycarbonylmethylideneamino-oxy) 

(dimethylamino) (morpholin-4-yl) carbenium hexafluorophosphate] and PyOxim {[(1- 
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cyano-1-ethyloxycarbonyl)methylideneamino-oxy]tri(pyrrolidin-1-yl) phosphonium 

hexafluorophosphate}, amongst others.29,30  

 

The use of coupling reagents for the synthesis of N-alkanoyl amino acid carboxylates 

has been extensively reported. Lysine-based anionic surfactants have been first 

synthesized, by Infante and co-workers, using BOP as coupling reagent.31 Although 

efficient, the use of BOP should be avoided, due to the formation of the extremely toxic 

hexamethylphosphoric triamide (HMPA; scheme 1.1) as a by-product of the reaction.26 

Alternatively, Gomes and co-workers performed the synthesis of lysine-based anionic 

surfactants, using DCC or TBTU as coupling agents.32 These authors observed that 

DCC-mediated coupling did not lead to the formation of the desired compound, being 

the formation of the N-acylurea the favored process; on the other hand, when using 

TBTU the target compounds were obtained with excellent yields. 

 

Although most of the amino acid based anionic surfactants (carboxylates) described in 

the literature are N-alkanoyl derivatives, some reports of N-alkyl derivatives, obtained 

by nucleophilic substitution of alkyl halides, and, more recently, of N-(N- 

-alkylcarbamoyl) derivatives (ureas), obtained by reaction with alkyl isocyanates, have 

also been found (figure 1.2).33,34 

 

 

 

Figure 1.2 Examples of amino acid-based anionic surfactants reported in the literature. 
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1.2.2 Cationic surfactants 

 

The most common cationic surfactants are long chain alkyl amines (which become 

positively charged in acid media) and quaternary ammonium salts.1 Long-chain alkyl 

amines are usually prepared from the corresponding fatty acids through the nitrile 

route (scheme 1.2). Quaternary ammonium salts (Quats), can be obtained by 

exhaustive methylation of mono- and di-alkyl amines using either methyl halides or 

dimethyl sulfate.  

 

 

Scheme 1.2 Synthesis of long-chain alkyl amines 

Cationic surfactants have a broad range of applications; they can be used as antistatic 

and anticorrosion agents, as dispersants or as disinfectants. Recently, it has been 

shown that quaternary ammonium derivatives have a great potential in biomedical 

applications as antimicrobial and antifungal agents in the treatment of human 

infections.35 Moreover, they have proven to be highly promising as synthetic additives 

in liposomal formulations for drug and gene delivery. The major drawback of these 

compounds however, is their high level of cytotoxicity which is detrimental to their use 

in biomedical applications.36 Furthermore, their use is seriously compromised from an 

environmental point of view, since they are not easily biodegradable and are toxic to 

aquatic organisms. As an alternative, quaternary ammonium salts containing an ester 

bond between the polar headgroup and the alkyl chain(s), known as ester-Quats, have 

been proposed. These compounds can be obtained by esterification of fatty acids with 

amino alcohols (e.g., 2, 2’-iminodiethanol) followed by exhaustive methylation using 

e.g, dimethyl sulfate (scheme 1.3).  
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Scheme 1.3 Synthesis of ester-Quats.  

 

Although ester-Quats present a better biodegradation profile than the conventional 

Quats, they are still toxic and present problems of stability due to hydrolysis, in both 

basic and acidic media as well as at high temperature.37 Therefore, and following the 

same rationale as for the anionic surfactants, natural products, in particular amino 

acids, were used as structural motifs in an attempt to obtain environmentally friendlier 

and less toxic cationic surfactants. In fact, this strategy contributed significantly to the 

improvement of the biological and toxicological profiles of the compounds making 

amino acid-based surfactants more suitable for applications in food and 

pharmaceutical industries.  

 

Most studies on the synthesis and biological evaluation of amino acid-based 

surfactants address arginine and lysine derivatives and have been carried out by 

Infante and co-workers.6,37 There is also one report describing the synthesis, 

properties and potential applications of cationic surfactants based on natural glycine 

betaine and vegetable oils as renewable raw materials.38 Glycine- and arginine-based 

cationic surfactants were shown to be less toxic than the conventional quaternary 

ammonium salts, and showed excellent emulsifying properties and strong antimicrobial 

activity. Recently, arginine derivatives (N-alkanoyl derivatives) have been tested as 

non-viral vectors for gene therapy.39 The results showed that the presence of such 

compounds in liposome formulations improves significantly the DNA transfection 

efficiency. For the lysine-based surfactants, the antimicrobial activities as well as the 

haemolytic character have been shown to depend on the structure of the compounds 

and on the position of the cationic charge.37  
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In what concerns the synthesis of these surfactants, the methods described in the 

literature refer essentially N-alkanoyl derivatives, N-alkyl amides or O-alkyl esters. 

Such compounds are obtained by condensation reactions in which the alkyl chain is 

introduced into the amino acid residue, or its derivatives, through the amino group 

using “fatty” acids (N-alkanoyl derivatives) or through the carboxylic acid group using 

either “fatty” amines (N-alkyl amides) or long chain alcohols (O-alkyl esters).The 

procedures commonly used are based on conventional and peptide synthesis 

methods; however, enzymatic procedures have also been explored. In the latter case, 

papain deposited onto polyamide showed to be the best biocatalytic configuration.  

The most common methods used for the obtention of arginine and lysine based 

surfactants are presented in schemes 1.4 and 1.5, respectively. 

 

 

Scheme 1.4 Arginine-based cationic surfactants synthesized by Infante and co-workers.
6,40-42 
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Scheme 1.5 Synthesis of lysine-based cationic surfactants from Pérez et al.
43

 

 

In the last years, our research group has been engaged in the synthesis and 

physicochemical evaluation of novel cationic surfactants containing serine, tyrosine 

and 4-hydroxyproline as polar headgroups.44 The choice of these amino acids was 

mainly dictated by the presence of the hydroxyl group in their side chains which allows 

for greater multifunctional diversity in the final compounds. The synthesis of cationic 

proline-derived surfactants was not successful. Concerning serine and tyrosine, the 

compounds synthesized were ammonium salts, mainly trifluoroacetates, of the amino 

acids, with the long alkyl chain introduced at the amino group through a N-alkyl 

linkage; therefore these compounds can be considered as real mimetics of the 

conventional ‘quats’. The introduction of the alkyl chain into the amino group of the 

amino acid derivatives was achieved by reductive amination of “fatty” aldehydes; the 

reaction mechanism is depicted in scheme 1.6. Two methods of reductive amination 

were tested: (i) the direct method in which all the reagents are mixed together without 

prior formation of the imine and (ii) the indirect method which involves the pre-

formation of the imine followed by the addition of the reducing agent.45 The reducing 

agents commonly used in these reactions are sodium triacetoxyborohydride  

(NaBH(OAc)3), and sodium borohydride (NaBH4), respectively. In our case, the best 

results were obtained when using the direct method. 
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Scheme 1.6 Synthesis of N-alkyl-O-terc-butylserine methyl ester derivatives by reductive amination of “fatty” 

aldehydes. 

 

The final cationic surfactants were obtained by exhaustive methylation of the N-alkyl 

precursors and subsequent deprotection (removal of tert-butyl group) using 

trifluroacetic acid. 

 

The physicochemical and toxicological properties of the C12 tyrosine and serine 

surfactants were evaluated.46,47 The serine derivative showed the best toxicological 

profile as well as the most interesting self-aggregation properties. Furthermore, all the 

compounds display enhanced interfacial properties as judged from their lower cmc 

values in comparison to the corresponding commercial homologue, 

dodecyltrimethylammonium bromide (DTAB). For these reasons, recently, our 

research group has been involved in the synthesis and physicochemical 

characterization of serine-based cationic gemini surfactants, which are two of the main 

goals of the current dissertation work. 
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1.2.3 Non-ionic surfactants 

 

Non-ionic surfactants can have either a polyether or a polyhydroxyl unit as polar 

headgroups.1 A polyether moiety consists in several oxyethylene units, usually 5 to 10, 

obtained from polymerization of ethylene oxide. Ethoxylated surfactants can be 

prepared from “fatty” alcohols, “fatty” acids, alkylphenols or long-chain amines. The 

ethoxylation process is usually carried out under alkaline conditions as outlined in 

scheme 1.7: 

 

Scheme 1.7 Base catalyzed ethoxylation of a “fatty” alcohol. 

 

The physicochemical behavior of ethoxylated surfactants is strongly affected by 

temperature changes. In contrast to ionic surfactants, these compounds become less 

water soluble at higher temperatures. From all non-ionic surfactants, the most 

important are alcohol-based ethoxylates which are commonly used as detergents and 

as emulsifiers in a variety of industrial applications.1 Nonetheless, “fatty” acid and 

“fatty” amide ethoxylates have also attracted much interest. Compared to alcohol 

ethoxylates, methyl ester ethoxylates have the advantage of being much more soluble 

in water while “fatty” amide ethoxylates are more biodegradable.1  
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In 2009, Al-Sabagh et al. reported the synthesis and interfacial behavior of a novel 

class of ethoxylated non-ionic surfactants 

derived from amino acids.48 These 

ethoxylated “fatty” amides / esters based 

on phenylalanine (A) and leucine (B), 

containing 40-100 oxyethylene units, are 

more soluble than the conventional 

polyethers and can be used in a 

temperature range up to 94ºC. Generally, these surfactants favor adsorption rather 

than micellization and their interfacial behavior is strongly dependent on the number of 

oxyethylene units present.  

 

Considering polyhydroxylated surfactants, this class encompasses sugar-based fatty 

acid esters, sorbitan esters, alkyl glycosides and N-alkylglucamides (figure 1.3).9  

 

Figure 1.3 Commercially produced sugar-based surfactants. 

 

The development of surfactants based on carbohydrates has emerged, in analogy to 

what happened for ionic surfactants, as a response to the search for environmentally 

friendlier and less toxic compounds made from renewable resources.  
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The synthesis of these surfactants can be performed either by chemical or enzymatic 

procedures. Commonly, alkyl glycosides are prepared by direct reaction of glucose 

and “fatty” alcohols (Fisher reaction) under acidic conditions.9 The alcohol is used in 

large excess to minimize sugar oligomerization. Sugar-based esters, on the other 

hand, can be made either by enzymatic procedures using a lipase catalyst, or by a 

conventional chemical route.5 The bio-organic route, however, is by far advantageous 

since it yields almost exclusively the product of esterification at the 6-position of the 

sugar moiety. Conventional organic methods, on the other hand, require protection 

and deprotection sequences in order to obtain such a high selectivity. Finally,  

N-alkanoyl-N-methylglucamides are prepared from glucose, methyl amine and “fatty” 

acids by a two-step reaction involving (i) the formation of the glycosylamine under 

reductive conditions (H2) and (ii) the condensation of the glycosylamine with the fatty 

acid.5 

 

Except for their phase behavior, which is much less  temperature dependent,49 sugar-

based surfactants present similar interfacial properties to those of classical non-ionic 

surfactants (polyethers). In what concerns their field of application, alkyl glycosides 

and sugar fatty acid esters are mainly used in cosmetic products, while  

N-alkylglucamides are used in detergent formulations. Sorbitan esters, on the other 

hand, are commonly used in the food and pharmaceutical industries.12  

 

Recently, Blunk and co-workers reported the synthesis of novel non-ionic surfactants 

derived from inositol.12 Inositol can be considered 

a carbohydrate due to its structural features (a 

cyclic polyhydroxylated compound) and molecular 

formula, which is identical to that of conventional 

hexoses (C6H12O6). Accordingly, inositol 

derivatives present physicochemical properties 

similar to those of sugar-based surfactants. However, in contrast to the latter, inositol 

derivatives cannot undergo mutarotation or ring opening reactions, because the 

anomeric center is lacking, and are therefore more stable. Due to their structural 

similarity with carbohydrate-based surfactants, inositol derivatives are expected to 

present high levels of biodegradability.  
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1.2.4 Zwitterionic surfactants 

 

Zwitterionic surfactants have both a positive and a negative charge in the polar 

headgroup and thus are electrically neutral.1 The cationic charge is usually imparted by 

a quaternary ammonium group while the anionic charge is often associated to 

carboxylate, sulphonate and phosphate groups. These surfactants are generally pH 

sensitive, especially those which are amphoteric in nature. Most types of zwitterionic 

surfactants have very low eye and skin irritation, being thus well suited for personal 

and health care formulations.  

Examples of compounds belonging to this subclass of surfactants are phospholipids, 

which are the main constituents of cell membranes, and betaines / sulfobetaines. 

Betaines are homologues of trimethylglycinate; they present in their structure a 

positively charged functional group, generally an ammonium or phosphonium ion 

(phosphabetaines), which bear no hydrogen atoms, and an anionic functional group, 

most often a carboxylate or sulfonate (sulfobetaines) group. Although on a lab scale 

alkylbetaines (amoniocarboxylates) are usually prepared from the corresponding 

amino acid residue, industrially these compounds are easily obtained using N-alkyl-

N,N-dimethyl amines (ADA) as raw material. The reaction is a quaternization of the 

tertiary amine using the appropriate alkylating agent. In the case of alkylamidopropyl 

betaines, they are prepared in a two-step process involving the condensation of fatty 

acids/esters with dimethylaminopropyl amine, followed by reaction with sodium 

chloroacetate. In the following scheme the synthesis of betaines (A), using sodium 

chloroacetate, and sulfobetaines (B), using the corresponding sodium chlorosulfonate, 

is presented 50,51  
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Scheme 1.8 Synthesis of betaines (A) and sulfobetaines (B). 

 

Zwitterionic surfactants containing phosphocholines (PC) as polar headgroups52 have 

also been reported. These compounds have shown interesting features as cell 

membrane mimics in peptide and protein solubilization and as anti-fungal and anti-

bacterial agents. They can be synthesized by reaction of “fatty” alcohols with 2-chloro-

2-oxo-1, 2, 3-dioxaphospholane followed by methylation using trimethylamine (scheme 

1.9).  

 

Scheme 1.9 Synthetic pathway for obtention of phosphocholine-based zwitterionic surfactants. 

 

From all subclasses of surfactants, the zwiterionic compounds are less studied due to 

the higher cost of preparation. 

 

 

1.3 GEMINI SURFACTANTS 

 

Gemini (or dimeric) surfactants represent a new generation of compounds composed 

of two surfactant monomers linked chemically at or near the head groups by a rigid or 

flexible spacer. Although gemini surfactants are known since 1971,53 interest in them  

experienced a tremendous increase two decades ago, as a result of the search for  
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novel surfactants with higher efficiency and better biodegradability/biocompatibility.54-57 

Compared to the corresponding monomeric analogues, gemini surfactants exhibit a 

number of unique properties that result from their novel structure: their critical micelle 

concentration (cmc) is usually 1 to 2 orders of magnitude lower than that of the 

corresponding monomers; they are more efficient at lowering surface or interfacial 

tension compared to conventional surfactants; they present better solubilizing power, 

better viscoelasticity, and better gelification ability; and they form a wide variety of 

aggregate morphologies depending on their molecular structure.13,14,55,58,59 Due to 

these outstanding properties, gemini surfactants have a broad field of applications, 

ranging from cosmetic and food formulations to drug and gene delivery systems, 

among others.60-65  

 

The properties of gemini surfactants can be modulated through manipulation of their 

structure, by changing headgroups and lipophilic chains, as for the monomeric 

surfactants, but also through the choice of the spacer. Zana and co-workers, e.g. 

studied the influence of the length of the lipophilic tails and of the spacers on the 

interfacial behavior of bis(quaternary ammonium salts).66 These authors observed that 

the variation of the cmc with the number of carbon atoms in the alkyl chain, n, follows 

the same trend as observed for monoquaternary ammonium surfactants i.e. the cmc 

decreases with increasing alkyl chain length. Concerning the number of carbon atoms 

in the spacer, m, the relationship with cmc is more complex: the cmc goes through a 

maximum upon increasing the number of carbon atoms in the spacer, m, to about 

m = 5 or 6 at constant n. On further increasing of m (up to m = 10-12) a decrease in 

the cmc value was observed. The results obtained were interpreted in terms of 

changes of surfactant conformation and of spacer location in the micelle. Thus, for m ≤  

6 the spacer is considered to be located on the surface of the micelle (in contact with 

water) whereas for m > 10 the spacer is incorporated into the aggregate’s hydrophobic 

core. For hydrophilic poly(ethylene oxide) spacers, the cmc increases progressively 

with increasing number of ethylene oxide units.  

A complementary study on the influence of the nature of the spacer group on the 

interfacial behavior of the corresponding surfactants has been performed by 

Laschewsky et al.67 using alkenes, diethyl ethers and xylene as spacers. They  
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concluded that the nature of the spacer had no or little influence on the 

physicochemical properties of the compounds, since they behave almost identical to 

the conventional bis(quaternary ammonium salts) with spacer lengths m < 6, showing 

an increase in the cmc values with increasing spacer length.67  

 

Representative examples of gemini surfactants synthesized up to date are presented 

in table 1.2. Like monomeric surfactants, they can have positive (e.g. ammonium), 

negative (e.g. carboxylate, phosphate, sulfates) or non-ionic (e.g. polyether) polar 

headgroups.  

 

Table 1.2: Examples of gemini surfactants described in the literature. 
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Cationic gemini surfactants with methylene spacers (A) are generally prepared by 

nucleophilic substitution as shown in scheme 1.10, either by method I or II (with 

method II being preferable when m = 2).14 Cationic gemini surfactants containing 

polyoxyethylene or acetylene spacers (B or C, respectively) can also be synthesized 

according to method I, using the appropriate dibromide. When the dibromide is not 

commercially available it may be obtained from the corresponding dialcohol and PBr3.  

 

In a typical procedure (method I or II), the mixture of reagents is placed under reflux 

(using methanol or acetone as solvent) for two or three days and the final compound is 

purified by recrystallization. 

 

 

Scheme 1.10 Synthesis of dicationic quaternary ammonium compounds 

 

Anionic and non-ionic gemini surfactants containing oxyethylene spacers, such as 

compounds D and F presented in table 1.2, can be prepared by the ring opening of a 

diepoxide. The reaction sequence is exemplified below for carboxylate D:68 
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The synthesis of anionic gemini surfactant E, a phosphodiester containing a rigid 

stilbene spacer, has been performed according to the following reaction sequence:14  

 

 

Amongst all the gemini surfactants, dicationic quaternary ammonium salts –bis-quats –  

are the most widely studied, mainly due to their ease of preparation. In the last 

decade, cationic gemini surfactants have been evaluated for biomedical applications 

such as drug or gene delivery systems.15,63,69 Their use for mediating DNA transfection 

has become widespread ever since it was shown that cationic lipids, known as 

cytofectins, were capable of delivering functional genes.43 It has been proved that bis-

quats bind and compact DNA efficiently; moreover, when an amino acid (or a di-

peptide) residue is introduced as a side chain into the spacer of a conventional bis-

quat, an improvement of DNA transfection efficiency is obtained.70,71 However, the 

applicability of bis-quats is somewhat limited by their toxicity profiles.37 To overcome 

this issue, the academic community has invested in the development of increasingly 

biofriendly and biocompatible amphiphiles and, in the last decade, several sugar-, 

amino acid- and peptide-based gemini surfactants have been synthesized, with many 

of them showing attractive biological features.57,61,62 We shall focus our attention 

mainly on amino acid based gemini surfactants since they are the object of this work. 

These surfactants are commonly obtained by the introduction of a spacer between two 

monomeric precursors. An overview of methodologies of synthesis of some existing 

gemini surfactants is outlined in scheme 1.11.  
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Scheme 1.11 Methodologies of synthesis of gemini surfactants based on amino acids 

 

Most of the work has been performed by Infante and co-workers and addresses 

arginine, lysine and glycine derivatives.37,72,73 These surfactants display 

physicochemical properties similar to those of bis-quats, but they have the advantage 

of being more environmentally friendly and less toxic to human cells (the lysine-based 

derivatives in particular). The synthesis of the arginine derivatives involves the 

introduction of spacers between the two carboxylic acid groups of the monomeric 

precursors; the reaction is commonly carried out by enzymatic processes, using 

Papain. The cationic charge of the surfactant comes from the guanidine group present 

in the side chain of the amino acid residue. In what concerns lysine derivatives, the  

spacer (diamine) is introduced either at the Nα or Nω amino groups and the reactions  
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are usually carried out using BOP as coupling reagent. The final cationic compounds 

are obtained either by exhaustive methylation of the amino group or simply by 

treatment with acid (usually HCl). In the case of glycine-based cationic gemini 

surfactants the introduction of the spacer is performed at the carboxylic acid group of 

N-alkyl-N, N-dimetylglycine (using a diamine) and the condensation is performed via 

mixed anhydrides, using isobutyl chloroformate. The synthesis of gemini surfactants is 

a quite complex process, involving many reaction steps and consequently the overall 

yields are moderate. The introduction of the spacer is a particularly sensitive reaction 

step, since none of the reagents can be used in excess, the diamines in order to avoid 

monocondensation, and the monomeric precursors due to their high cost of 

preparation. Furthermore, the presence of many functional groups in the amino acids, 

which is advantageous when considering the diversity of compounds that can be 

assessed, represents a serious drawback when featuring high yields. Synthetic 

methodologies using protecting groups must be addressed (scheme 1.12) with the 

inherent inconvenience of introducing additional reaction paths 

(protection/deprotection) into the reaction sequence. 

 

Scheme 1.12 Use of protecting groups in the synthesis of gemini surfactants derived from lysine. 

 

In table 1.3 some examples of protecting groups commonly used for protection of 

amino-, carboxylic acid- and hydroxyl functionalities of amino acids are presented; 

conditions used for their removal are also described. 
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Table 1.3. Protecting groups 

Function Protecting group Cleavage conditions 

Amine  

Boc 25-50% CF3COOH-DCM 

Cbz HF, CF3COOH and H2/Pd-C 

Fmoc piperidine/DMF 

Carboxylic acid 

tert-butyl ester CF3COOH 

methyl ester Basic conditions 

benzyl ester H2/Ni or LiAlH4  

Hydroxyl 

tert-butyl ether CF3COOH 

TBDPS ether Bu4N
+F- 

benzyl ether H2/Ni or Na/NH3 

 

 

1.4. SURFACTANT SELF-ASSEMBLY 

 

 

The ability of surfactants to aggregate in aqueous solution is commonly termed 

surfactant self-assembly.1,2 It is mainly the amphiphilicity of surfactants that determines 

their ability to build supramolecular structures like micelles, vesicles, lyotropic liquid-

crystalline phases or microemulsions. The self-assembly properties of surfactants 

have been widely studied both experimentally and theoretically. The structure of the 

aggregates influences the properties of surfactant solutions, such as, e.g., their 

capacity for solubilizing hydrophobic substances or their viscous and viscoelastic 

properties, and consequently, their performance in various applications.74 

 

 

1.4.1. Models for surfactant self-assembly: surfactant packing 

parameter and spontaneous curvature  

 

Since different applications require the presence of different aggregates in solution, it 

is important to know which aggregate a specific surfactant will form. A simple way to  
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predict the surfactant self-assembly is by using molecular models such as surfactant 

packing parameter and/or spontaneous curvature.  

 

The concept of molecular packing parameter (Ps) was introduced by Israelachvili and 

co-workers and relates the geometric shape of a surfactant with the type of aggregates 

that it forms in solution (figure 1.4).75 The Ps is defined by the ratio: 

hchg

hc

la

V
Ps               (1.1)  

where Vhc is the volume of the hydrocarbon chain, ahg is the optimal headgroup area 

and lhc is the hydrocarbon chain length. In general terms, Ps defines a cylinder of area 

ahg and length lhc as the reference structure forming a bilayer of zero curvature (Ps = 1). 

If the surfactant has a shape of a cone or truncated cone the most favorable packing 

will be spherical micelles (Ps = 1/3) and cylindrical micelles (1/3 ≤ Ps ≤ 1/2), 

respectively. For surfactants with a shape of inverted cone, the preferred packing will 

be reverse structures (micelles of cylindrical or spherical shape) for which it is always 

Ps > 1.  

 

 

 

 

 

 

Figure 1.4 Illustration of the Ps concept and its relation to geometrical shapes. 

 

Although the parameters in eq. 1.1 are not experimentally known, a good 

approximation can be made, especially for Vhc and lhc. These parameters can be  

determined according to the following expressions: 

cnV 0.02690.0274nm / 3
hc              (1.2) 

cl n0.1270.154nm / hc             (1.3) 
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where nC is the number of carbon atoms in the chain. The value of ahg, is somewhat 

more difficult to estimate since it varies strongly with solution conditions. 

 

An alternative model for the understanding and rationalization of molecular self- 

-aggregation is the use of the concept of the curvature of the aggregates surface.3 The 

aggregates are considered to be built-up of surfactant films and, depending on the 

curvature of the films, different structures result. A mean curvature, c, at a point on a 

surface can be defined as: 













21

11

2

1

RR
c              (1.4) 

where R1 and R2 are the radii of curvature in two perpendicular directions (figure 1.5). 

For the assignment of each radius sign, a direction normal to the surfactant film and 

pointing towards the polar region is taken, by convention, as positive. 

 

Figure 1.5 Radii of a curvature in a sphere (A; R1 and R2 are positive), cylinder (B; R1 is positive and R2 is infinite) and 

“saddle” point (C; R1 is negative and R2 is positive). 

 

A normal micelle has thus a positive film curvature, while a reverse one has a negative 

one. Planar films, like a lamellar phase, have zero curvature (both radii are infinite). 

Some structures (e.g. of bicontinuous type) are characterized by a more complex 

“saddle-shaped” geometry with two principal radii of curvature with opposite signs. It  

should be pointed out that, the surfactant always adopt a curvature that minimizes the 

Gibbs energy which is designated as spontaneous curvature, c0.  

 

Qualitatively, the concept of c0 is analogous to Ps since the preferred curvature will also 

depend on the relative proportion of polar and non-polar volumes. However, the theory 

behind it is based on a consideration of the mechanical properties of the film as  
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a whole. Generally speaking, Ps is related with individual molecules, while c0 with a 

continuum with global physical properties. The spontaneous curvature is particularly 

useful in describing different morphologies in bilayers (lamellar phases, sponge 

phases, liposomes and microemulsions).  

 

When in solution at different concentrations, amphiphiles can form different 

aggregates. An ideal phase sequence would be micellar solution – cubic phase – 

hexagonal phase – cubic phase – lamellar phase – reverse phases (hexagonal, cubic 

and micellar). This sequence is not observed in full extent for all surfactant systems. It 

is an idealized scheme that can be confronted with the experimentally obtained phase 

diagrams. This sequence, also known as Fontell scheme, is presented in figure 1.6. It 

summarizes the effect of surfactant concentration on phase behavior and can be 

interpreted according to Ps and c0 models. 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.6 The Fontell scheme; an idealizing sequence of self-assembly for surfactants as function of surfactant 

concentration. 

 



FCUP 
INTRODUCTION 

63 

 
 

Micelles are the simplest aggregate that a surfactant can form. At low concentration 

small and spherical/globular micelles consisting of c.a. 50-100 molecules (aggregation 

number, N) are formed. As the concentration increases, micelles grow in size and 

adopt other shapes, as e.g. disklike, cylindrical….At even higher concentrations, 

intermicelle repulsions become significant and thus micelles start to pack in solution 

forming different liquid-crystalline phases. There are three basic types of liquid-

crystalline structures: (i) the hexagonal phase (H1) which consists of a hexagonal array 

of cylindrical micelles; (ii) the lamellar phase (Lα) which consists of stacked surfactant 

lamellae (bilayer), separated by water regions of constant thickness, and (iii) the cubic 

phase that can consist in a cubic arrangement of globular micelles (I1) or have a 

bicontinuous structure (V), in which both surfactant and solvent form a continuous 

phase. These phases exist either as normal or reverse structures. In the normal 

structure the surfactant monolayer is curved towards polar solvent, while in the reverse 

structure the surfactant is curved towards the nonpolar solvent.  

 

 

1.4.2. Phase behavior  

 

As previously seen, many surfactants with different molecular architectures have been 

synthesized. This structural diversity leads to the formation of different aggregate 

structures and, consequently, different phase behavior. Surfactants can be classified 

according to their behavior in water as: 

 Soluble or micelle-forming surfactants, those having a Ps in the range of 1/3 –

1/2; typically, single-chained surfactants.  

 Insoluble (swelling) or bilayer-forming surfactants, those having a Ps ≈ 1; 

commonly, double-chained surfactants. 

In this section, phase diagrams of some well-known surfactants will be presented in 

order to illustrate different phase behaviors; the chemical structures of the surfactants 

are presented in figure 1.7. 
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Figure 1.7 Chemical structures of the surfactants: dodecyltrimethylammonium chloride – DTAC; pentaethylene 

glycolmonododecylether – C12E5; didodecyltrimethylammonium chloride – DDAC and hexadecyltrimethylammonium 

octylsulfonate – TASo.  

 

A) Single-chained surfactant: DTAC  

 

The cationic surfactant dodecyltrimethylammonium chloride (DTAC) will be used to 

illustrate the phase-behavior features of a single-chained surfactant.76 The phase 

diagram of DTAC-water is shown in figure 1.8 – A. At room temperature, a solution L1, 

consisting of spherical micelles, exists until very high concentration (≈ 40 wt%). Near 

this point, micelles start to pack into a discrete cubic phase, I1. Between both phases 

there is a small two-phase region (L1 + I1). At higher concentrations of DTAC, the 

packing of discrete micelles becomes more difficult and, at ≈ 53 wt%, a hexagonal (H1) 

phase is formed. Subsequently, a second cubic phase, now of bicontinuous type (V1) 

is formed, preceding a lamellar phase (Lα). At higher temperatures the cubic phase I1 

is the first to vanish (≈ 85 ºC). The hexagonal and lamellar phases vanish only at  

185 ºC and 205 ºC, respectively. 

 

 

 

DTAC 

C12E5 

DDAC 

TASo 

Soluble-type 

Swelling-type 
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Figure 1.8 Phase diagrams for A: DTAC-water system (adapted from Balmbra et al.
76

); B: DDAC-water system 

(adapted from Kunieda et al.
78

 and Kang et al.
79

). 

 

Commonly, changes in the nature of the surfactant (such as a change in counterion or 

chain length) have a severe effect on the subsequent self-assembly in water.77 The 

phase behavior of a series of quaternary ammonium surfactants: dodecyltrimethyl-

ammonium bromide (DTAB), cetyl(or hexadecyl)trimethylammonium bromide (CTAB) 

and cetyltrimethylammonium chloride (CTAC) have also been reported. From these 

studies, it was observed that increasing the length of the hydrocarbon chain promotes 

the formation of intermediate phases, whereas a change of bromide to chloride alters 

the progression of the phase formation. 

 

B) Double-chained surfactant: DDAC 

 

Double-chained surfactants, due to their hydrophobicity, are poorly soluble in water, 

tending to swell in and give rise to bilayer structures, namely lamellar phases. This 

behavior will be illustrated for didodecyltrimethylammonium chloride (DDAC; figure 1.8 

– B).78 Near room temperature (26ºC) and at very high dilution (0.6 wt%), DDAC forms 

an isotropic solution that readily enters a two-phase region which consists in a very 

stable dispersion of a lamellar phase in water (vesicle formation). In this region (0.6-18  
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wt%) the samples have a bluish-white tint, and no phase separation is observed. At 

higher DDAC concentrations, a lamellar phase (Lα) is formed.  

 

Kang et al. have studied the phase behavior of didodecyldimethylammonium 

surfactants, containing different counterions (bromide, hydroxide, acetate and 

sulfate).79 They verified that all the systems form a lamellar phase at high 

concentration of surfactant. However, some remarkable differences occur when the 

counterion is exchanged. For example, the surfactants containing acetate or hydroxide 

as counterions form an extensive solution phase (L1) before the lamellar phase, while 

for the compounds containing bromide, chloride and sulfate as counterions, this 

micellar region, does not exist or is very narrow. Furthermore, it was observed that 

didodecyldimethylammonium bromide (DDAB)-water system is the only one that 

presents a region of coexistence of two lamellar phases.80,81 

 

C) Pseudodouble-chained surfactant: TASo 

 

When ionic surfactants of opposite charges are mixed under 1:1 stoichiometric 

proportions and inorganic counterions are removed, a new surfactant commonly 

designated by catanionic surfactant, is obtained.82 These surfactants can be formed by 

amphiphilic ions with equal alkyl chain lengths (symmetric catanionics) or with different 

alkyl chain lengths (asymmetric catanionics). The catanionic pair is electrostatically 

bound by the headgroups, and no covalent bond exists between the molecules. When 

a catanionic surfactant is mixed with water, a simple binary surfactant-water system is 

obtained. Catanionic surfactants present a solution behavior which is strongly 

dependent on the solubility differences of the individual ions.82The compounds with 

equal alkyl chains or with similar ion solubilities typically form lamellar phases; these 

surfactants behave almost identically to zwitterionic ones, because the catanionic 

interface have zero, or very low, charge density. On the other hand, if the two 

individual ions have very different solubilities in water, the surfactant film acquires 

charge and the solution behavior of the catanionic surfactant is more similar to those of 

ionic surfactants (double-chained surfactants).  
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The surfactant hexadecyltrimethylammonium octylsulfonate (TASo; figure 1.9) will be 

used to illustrate the phase-behavior features of a catanionic surfactant with different 

alkyl chain lengths; its phase diagram is presented in figure 1.9 – A.83, 84 

 

Figure 1.9 Phase diagram for TASo: A – complete phase diagram at 25ºC and B – phase diagram in dilute region  

(< 3.0 wt%); adapted from Silva et al.
84

  

 

TASo is soluble in water at room temperature, displaying on the concentrated side (> 3 

wt%) two lamellar phases. The dilute lamellar phase (Lα’) is stable in the 2.6-15 wt% 

range, whereas the concentrated Lα’’ is stable above 54 wt%. Between these two 

single-phase regions, both phases are found to coexist. At concentrations below 2.6 

wt% the dilute lamellar phase Lα’ is no longer stable, and a two-phase region is 

entered, where the former coexists with an isotropic L1 phase. Stables vesicles (or 

liposomes) can be found in this two-phase region, and upon temperature increase, a 

transition to single solution phase containing elongated micelles is observed (figure 1.9 

– B).  
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D) Non-ionic surfactant: C12E5 

 

The most common non-ionic surfactants are fatty alcohol ethoxylates. These 

compounds are usually referred by the designation CmEn, where m is the alkyl-chain 

length and n is the number of oxyethylene groups of the polar headgroup. The solution 

behavior of non-ionic surfactants is strongly affected by temperature changes. In 

contrast to ionic compounds they become less water soluble at higher temperatures, 

due to progressive dehydration of the headgroups. Figure 1.10 shows the phase 

diagram for the C12E5-water system.1,82 

 

 

 

 

 

 

 

 

 

Figure 1.10 Phase diagram for non-ionic surfactant C12E5-water system given as function of the volume fraction of 

surfactant on logarithmic scale; mic (L1), rev mic (L2), and spo (L3; sponge phase, spo) denote isotropic solution phases 

and hex, lam, and cub denote hexagonal (H1), lamellar (Lα, lam) and cubic liquid crystalline phases.  

 

The phase L1 (mic) displayed in the phase diagram is micellar. At low temperatures 

and concentrations, these micelles are spherical. Increasing the temperature, a strong 

micellar growth is observed. Further increase of temperature leads to a phase 

separation into two isotropic (micellar) solutions. The boundary of the two-phase 

region is designated as lower consolute curve.  The minimum of the lower of consolute 

curve is a critical point, defined by a critical temperature (Tc), also known as cloud 

point) and composition (ɸc). With continuous temperature increase and depending on  
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concentration, a phase transition to a L3 sponge or Lα phase is observed. At even 

higher temperatures reverse structures are formed. 

At low temperatures and with increasing surfactant concentration the following 

sequence of phases is observed: micellar phase – hexagonal phase – cubic phase – 

lamellar phase – hydrated crystals.  

 

 

1.5 MICELLES 

 

 

Micelles only start to form in solution when the concentration of the surfactant (free 

unimer) exceeds a critical value, known as critical micelle concentration (cmc), and the  

temperature of the system is higher than the Krafft temperature (TKr). Figure 1.11 – A 

shows a phase diagram for a binary surfactant-water system in the vicinity of the 

cmc.1,3 The Krafft temperature is also known as critical micelle temperature i.e the 

minimum temperature at which the surfactant forms micelles.  

Above the cmc, micelles coexist with unimers, the concentration of which remains 

roughly constant and equal to the cmc. 

 

Figure 1.11 A – Schematic phase diagram for a binary surfactant water system nearby the cmc; B – Variation of some 

physical properties in surfactant solutions. 

Because micelles have distinct properties as compared with the free unimers, at the 

cmc, many physical properties such as surface tension, conductivity and turbidity show 

inflection points at the cmc (figure 1.11 – B).  
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1.5.1 Thermodynamic models for micellization 

 

The micellization process can be described in terms of a stepwise addition of a  

surfactant unimer, S, to the aggregate Sn-1, as: 

S + Sn-1 ⇌ Sn.              (1.5) 

However, because it is almost impossible to specify all the Kn equilibrium steps, 

approximate models are commonly used.3  

The two main thermodynamic models used to describe the micellization process are: 

the phase separation model and the mass action model (or equilibrium model). 

 

Phase-separation model 

 

In the phase separation model micelles are considered a separate phase. This model 

implicitly assumes that the surfactant activity remains constant above the cmc and that  

the cmc corresponds to the saturation concentration of the surfactant. Micelle 

formation is viewed as a highly cooperative process because, once the aggregation 

has started, it becomes more and more favorable to add another unimer until a large 

aggregation number is reached. To be able to describe the distribution of surfactant 

molecules between the solution phase and the micellar phase, the chemical potential 

of the surfactant in the micellar phase has to be equated to those of the surfactants 

that are dispersed in the aqueous phase. That is, in the phase equilibrium: 

mics                                 (1.6) 

Considering the chemical potential of the surfactant in unimer state, s, one has: 

cmc
o
ss ln xRT                             (1.7) 

where o
s is the unimer standard chemical potential, R is the gas constant and T the 

absolute temperature. The activity (a) can be expressed as xcmc, cmc expressed in 

surfactant mole fraction, considering that the activity coefficient (a) is unitary. The 
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surfactant chemical potential in the micellar phase (mic), on the other hand, is equal to 

its chemical potential in the standard state, o
mic : 

o
micmic                  (1.8) 

This is so because for any pure condensed phase α = 1. At the equilibrium, the 

chemical potential is equal in both phases, mics   , therefore: 

cmc
o
s

o
mic ln  xRT               (1.9) 

The standard molar Gibbs energy of micellization ,
o
mmicG , which represents the Gibbs 

energy difference between surfactant chemical potential in the micelle and its standard 

chemical potential in infinite dilution, can be written as: 

cmc
o
s

o
mic

o
mmic ln xRTG                      (1.10) 

Although equation 1.10 provides a useful approximation for obtaining 
o
mmicG  and the 

phase-separation model captures several features of micelle formation, it fails to 

describe the start-stop mechanism of this process. In fact, micelles are not unlimited 

assemblies, but aggregates with a finite aggregation number. Moreover, this model 

does not properly take into account the fact that for ionic surfactants the micelles are 

partially ionized due to counterion dissociation. 

 

Mass-action model 

 

In the mass-action model surfactant unimers and micelles are considered to be in 

association-dissociation equilibrium.3 This model assumes that one aggregation 

number N dominates over the all the others. Thus, N surfactant unimers (S) assemble 

into a SN aggregate, as described by: 

NS ⇌ SN            (1.11) 

 

 N
N

N
S

S
K              (1.12) 
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The total surfactant concentration expressed in terms of moles of unimers [S]T, is given 

by: 

         SSKNSSNS
N

NN T          (1.13) 

This model shows that the higher the aggregation number, the more cooperative the 

aggregation process becomes. This can be understood by calculating the fraction of 

added surfactant that assembles into micelles with increasing concentration, that is: 

  
 T

N

S

SN




            (1.14) 

Figure 1.12 shows three curves with varying values of N. As can be seen, when N is 

increased,     TN SSN  changes more abruptly from zero to one. When N  , the 

result of a separation of the phase-separation model is obtained, with a discontinuity in 

the derivative at the cmc. For finite values of N, the aggregation process is somewhat 

gradual and, by definition, the cmc is the point at which     TN SSN  = 0.5; this is the 

point at which an added unimer has the same probability of entering the micelle or 

remaining in solution. 

 

Figure 1.12 Fraction of added surfactant that assembles into the micelle     TN SSN  vs total surfactant 

concentration ([S]T). 

 

In the mass-action model, the thermodynamic formulations are slightly different for 

nonionic (described previously) and ionic surfactant solutions. In the micellization 

process, of an anionic surfactant (S-
C

+), N surfactant unimers, S
-, associate with P  
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counterions, C
+, to yield a micelle of net negative charge N-P. This process can be 

described as: 

         (1.15) 

 

with: 

P
C

N
S

PN
N

S

N
K





 





 

















)(

          (1.16) 

The degree of micelle ionization, α, is defined as: 

N

P

N

PN



 1           (1.17) 

From the thermodynamic relation between the standard Gibbs energy and the 

equilibrium constant, one can obtain the molar Gibbs energy of micellization through: 

 




 





 













 



 CRTSRT

PN
N

S
N

RT

N

G
G

o
mico

mmic lnln
)(

ln 1   (1.18) 

Considering that at the cmc 




 





  CS  and that micelles have usually N > 50, eq. 1.18 

can be simplified to: 

  cmc
o
mmic ln xRTG  2             (1.19) 

where α is the degree of counterion dissociation. It should be noted that this equation 

is only valid for monomeric surfactants with monovalent counterions, in absence of 

salt. For a neutral micelle, α takes the value of 0 and for a fully charged micelle it takes 

the value of 1.  

 

For gemini surfactants, the o
mmicG  it can be demonstrated that: 

  cmc
o
mmic ln. xRTG  51             (1.20) 
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The α value can be determined from the variation of electrical conductivity, k, with 

surfactant concentration, c, taking     
cmcCcmcC C

k
C

k
<> 




 . 

 

 

1.5.2 Micellar growth 

 

As previously mentioned, the size and shape of the micelles in solution do not remain 

constant with increasing surfactant concentration.1,85 In addition to spherical micelles, 

cylindrical micelles, disklike micelles, elongated micelles (also called wormlike) and 

branched giant micelles, may also be formed. The factors that influence the formation 

and stability of micelles are also determinant for their size and shape:  

 
(i) Alkyl chain length – short-chain surfactants (up to C8-10) do not show 

significant micellar growth. Surfactants with higher alkyl chain length (C14 and 

higher), on the other hand, show considerable deformation and growth at low 

or moderate concentration; first they form short prolates or cylinders and then, 

long cylinders or wormlike micelles. Surfactants with intermediate chains only 

show micelle deformation at relative high volume fraction (≈ 0.3); 

(ii) Temperature – for ionic surfactants micelle growth is favored by a decrease in 

temperature, whereas for non-ionic surfactants an inverse behavior is observed 

(micelle growth with increasing temperature); 

(iii) Nature of counterion – organic counterions, such as salicylate, promote the 

micellar growth for long-chain ionic surfactants, even at low surfactant 

concentrations.  

(iv)  Addition of electrolytes – for ionic surfactants an increase in micellar size is 

observed with increasing ionic strength. 
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1.6 VESICLES 

 

 

Vesicles are spherical self-closed structures, composed by one or several curved 

surfactant bilayers, which enclose part of the surrounding solvent into their interior.81 

The membrane consists of a double layer of amphiphilic molecules. In normal vesicles 

the polar headgroups of the amphiphilic molecules are directed towards the exterior 

and the interior of the vesicle, whereas in reverse vesicles (less common) it is the 

hydrocarbon chains which are directed towards the exterior and interior of the 

vesicle.86-89 As previously seen, amphiphilic compounds with packing parameter (Ps) 

close to unity tend to form vesicles. The minimum critical radius (Rc) for a vesicle can 

be estimated through:81,90 

 

  ss

s

cc
P

l

P

P
lR























116

1433
hc           (1.21) 

where lhc is the hydrocarbon chain length. The mean aggregation number,
agN , can 

be estimated from the mean vesicle radius, Rm, according to:  

  hg

2

hc

2

mag /24 alRRN m 





  /        (1.22) 

where ahg is the optimal area occupied by the surfactant headgroup at the polar/apolar 

interface. All populations of vesicles show a certain degree of polydispersity 

presenting, in general, normal or log-normal distributions.81 A huge variation is 

observed between the mean radii of the different systems: small unilamellar vesicles 

(SUVs) which have a mean radius of 10-50 nm, large unilamellar vesicles (LUVs) with 

mean radius between 50 and 250 nm and multilamellar vesicles (MLVs) with sizes in 

the range of hundreds of nm to several m and composed of several concentric 

surfactant bilayers.  

 

 

 



76 FCUP  
SERINE-BASED SURFACTANTS: design, synthesis and self-assembly  

 

 

 

 

1.6.1 Spontaneous vs non-spontaneous vesicles 

 

Vesicles can be broadly classified according to their formation as non-spontaneously 

or spontaneously formed. The non-spontaneously vesicles requires an input energy 

and thus are almost always thermodynamically unstable. This energy input can be 

performed by mechanical (sonication, vortexing and extrusion) or chemical methods 

(change of surface potential, ionic strength, detergent dialysis or dilution and addition 

of a second amphiphile). Such vesicles are thus typically only kinetically stable. With 

time, they flocculate and coalesce returning to lamellar sheets. Spontaneously vesicles 

assemble due to thermal energy, with the action of weak shear-forces, they can also 

be only metastable but, in some cases, they are considered to be true-equilibrium 

structures.81 

 

Methods of preparation of non-spontaneous vesicles 

 

Vesicles are formed from extended Lα sheets when amphiphilic molecules are 

dissolved in water and heated above a given temperature (known as the gel-to-liquid 

crystal temperature, Tm).91,92 The two main methods for the preparation of vesicles are 

the surfactant-film hydration method and the ethanol injection method.  

 

The surfactant-film hydration method consists in drying a surfactant or surfactant-lipid 

mixtures dissolved in an organic solvent (typically, chloroform and/or ethanol) under a 

N2 stream or under vacuum in a rotatory evaporator, following by hydration of the 

resulting surfactant film. In the ethanol injection method, a stock solution of a 

surfactant in ethanol is rapidly injected into a pre-heated aqueous solution with 

continuous vortex-mixing. Both methods yield a heterogeneous population of vesicles 

and therefore, they are often coupled to other vesicle preparation techniques such as 

sonication or extrusion that homogenizes the initial population of vesicles. Figure 1.13 

shows the different types of vesicular aggregates and the methodology used for 

vesicle production. 

In the extrusion technique the vesicular dispersion is forced to pass through a 

polycarbonate filter with a defined pore size (50 to 400 nm) to yield particles with  
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diameters near the pore size of the filter. The major drawback of extrusion is loss of 

material in the filters. Sonication methods, both bath and tip methods, on the other 

hand, deliver high-energy input to the vesicular system and disrupt the surfactant 

bilayers of large vesicles. The disruption of the surfactant bilayers leads to the 

formation of a relatively homogenous population of SUVs. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.13 Different types of vesicular aggregates and the methods commonly used for their preparation.Adapted
w1

  

 

 

1.6.2 Vesicle composition  

 

Vesicles are found to be formed by amphiphilic systems with different chemical 

composition, such as neat lipids, mixtures of lipids or lipid-surfactant mixtures, double-- 

-chained surfactants, mixtures of oppositely charged surfactants (catanionic mixtures), 

amongst others.47,93-102 The vesicles formed by each one of these systems have 

different colloidal stability.47,101 

Surfactant vesicles in comparison with lipid-based vesicles display distinct advantages 

with respect to colloidal stability. Unilamellar vesicles form spontaneously in catanionic 

mixtures of certain proportions and are stable for long periods.47,100 

 In contrast, aqueous dispersions of lipids (e.g. phospholipids) form large aggregates 

that require steps such as sonication or extrusion to produce unilamellar vesicles. 

Hence these preparations produce kinetically trapped vesicles that coalesce relatively  
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Figure 1.14 Schematic representation of a ternary phase 

diagram of a catanionic mixture. Notation:  

L – micellar phase, V – vesicle region; + /- signs concern 

the neat charge of the aggregate. Continuous line 

delimits the different phase regions; dashed line is the 

equimolar line. 

 

quickly. Moreover, lipid-based vesicles may show problems of chemical stability, as 

the molecules they consist of can easily undergo chemical degradation by hydrolysis 

and peroxidation.98,81 

 

 

1.6.3 Catanionic systems  

 
Aqueous mixtures of oppositely charged surfactants, commonly called catanionic 

mixtures, have attracted much interest, in the last decades, due to their particular 

properties.102,103,104 Such mixtures display a rich phase behavior and structural 

diversity, offering numerous possibilities in mediating the molecular self-assembly by 

designing surfactants with the appropriate geometry and adjusting the mixing ratio. 

The general characteristics of these mixtures are: (i) strong synergism in the bulk and 

enhanced surface properties (high surface activity, low cmc, etc); (ii) spontaneous 

formation of stable unilamellar vesicles without the use of mechanical and/or chemical 

methods and (iii) formation of a new catanionic surfactant under 1:1 stoichiometric 

proportions. A schematic phase diagram for a catanionic mixture is depicted in figure 

1.14. 

 

As can be seen in figure 1.14 on the 

cationic rich side a single-phase of both 

mixed micelles and vesicles may be 

formed. A small amount of the anionic 

surfactant can be taken up by the 

micelles but higher quantities induce a 

transition to vesicles, which can either be 

continuous or involve a phase separation 

(discontinuous process) and the crossing 

of a multiphase region.47 Adding more  

quantity of anionic surfactant induces the 

formation of a precipitate close to the 

equimolar line (charge neutrality). A small  
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excess of anionic surfactant is usually enough to lead to dissolution of the precipitate 

and mixed vesicles and micelles can be formed in the anionic-reach side. 

 

The phase diagram in fig. 1.14 is represented as mirror-like about the equimolarity line; 

however, this feature is dependent on the nature of amphiphiles, particularly on the 

alkyl chain lengths of both surfactants.81 Commonly, the higher the difference between 

the chain lengths of the two amphiphiles the more asymmetric the phase diagram 

becomes in terms of phase regions and their extent. The phase diagrams of two 

catanionic mixtures – (A) DTAB/SDS, (B) CTAB/SOS and (C) DDAB/SDS– presented 

in figure 1.15 illustrate the above mentioned features.81, 105 

 

 

 

Figure 1.15 Ternary phase diagrams at 25ºC for (A) DTAB/SDS/water system, (B) CTAB/SOS/water system and (C) 

DDAB/SDS/water system. Adapted from Marques, E.F.
81,
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Catanionic vesicles 

 

In the last years, catanionic vesicles have been subject of both experimental and 

theoretical study, mostly due to their spontaneous formation and long-term stability. 

There are a great variety of catanionic systems that form spontaneous vesicles, with 

the most common consisting of mixtures: 

 alkylammonium surfactants with alkylsulfates or alkylbenzenosulfonates,100, 104, 105 

 alkylammonium surfactants with alkylcarboxylates and,106 

 alkylammonium surfactants with fluorocarbon- or hydrocarbon-based 

amphiphiles, amongst others. 107-108 

The properties of catanionic vesicles largely depend on the mixtures from which they 

are formed.81 The main factors that influence the vesicle properties are the headgroup 

nature and the chain length of the surfactant. Asymmetric chains lead to formation of 

vesicles for a narrow range of compositions, often smaller in size and less 

polydisperse;  in contrast, those composed of surfactants with symmetric chains show 

a wide range of mixing ratio, larger sizes and higher polydispersity. In what concerns 

to the headgroup nature of the surfactant, it has been shown that bulkier headgroups 

are less favorable for the formation of vesicles. Moreover, when the interaction 

between the two surfactants is too strong, the formation of a precipitate will prevail and 

hamper the formation of vesicles. 

 

Cationic vesicles based on bioinspired surfactants 

 

Catanionic vesicles are found to be suitable colloidal systems for several applications, 

such as drug delivery systems for medical diagnosis or cosmetics products, gene 

therapy, in food processing and food technology and in microreactor chemistry.109-114 

As previously seen, most of the vesicle-forming catanionic systems are based on 

conventional surfactants. The major drawback of these systems is they relatively high 

levels of cytotoxicity which is detrimental to their use in biomedical applications. To 

improve the biocompatibility, catanionic mixtures based on surfactants containing  

 



FCUP 
INTRODUCTION 

81 

 
 

structural motifs, like amino acids, sugars and fatty acids have emerged and were 

shown to present attractive physicochemical features.114-120 

 

 

1.7. AIM OF THE PROJECT 

 

 

This project is generally aimed at the design, synthesis and investigation of the phase 

behavior of novel serine-based ionic surfactants. It can be divided into two main 

stages, all of which outline clear goals: 

 

A) Synthesis of different families of gemini and single or double-chained 

monomeric surfactants based on serine headgroups, with variable charge, 

length of spacer group and hydrocarbon chain length.  

 

The monomeric surfactants will be obtained from lipophilic molecules 

(aldehydes) and conveniently protected amino acids. The long chains will be 

introduced into the amino acid residue through the amino group, by reductive 

amination yielding N-alkyl derivatives. These derivatives should yield the target 

monomeric surfactants upon exhaustive methylation followed by removal of the 

protective groups. The very same precursors will be used for the synthesis of the 

cationic gemini surfactants. The key step for providing different families of 

surfactants will be the introduction of different spacers, in different regions of the 

appropriate precursor through formation of linkages of different nature (amine, 

ester and amide bonds). Thus, dialdehydes, diols and diamines will be used for 

the preparation of the “amine”, “ester” and “amide” series, respectively. As a 

consequence of the nature of the spacer bond, these three families of 

compounds are expected to display different chemical behavior, as their stability 

towards basic/acidic media is known to be different. This difference is expected 

to influence their aggregation properties as well as the behavior of the 

aggregates in different media, which can have important repercussions 

concerning their applications.  
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B) Systematic investigation of the surfactant phase behavior in water and 

determination of their surface properties (cmc’s, surface tension reduction,  

etc). This part also involves the determination of aggregate structure, in terms of 

size, shape and polydispersity (especially, for micelles and vesicles). 

 

Aiming at possible uses in pharmaceutical applications (gene therapy and drug 

delivery) for the self-assembled aggregates formed by the novel surfactants two 

different routes have been followed in this stage. One involves the study of the 

aggregation properties occurring in a binary system and the other involves the 

study of mixed systems and the possibility of forming phase regions of stable 

vesicles. The physicochemical studies involving these vesicle-forming systems 

will also assess their viability as DNA, RNA or drug nanocarriers. 
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CHAPTER 2 

EXPERIMENTAL SECTION 

 

According to the aim of the project, different series of novel amino acid-based 

surfactants were synthesized as to allow a systematic study of the influence of 

 the polar head-group 

 the alkyl chain length 

 the spacer length 

 the nature of the bond between spacer and polar head-group 

on their interfacial and aggregation properties, in order to assess their potential for 

biomedical applications, e.g. drug delivery and transfection. In this chapter, the 

methodologies of synthesis of the surfactants will be described and discussed. 

Furthermore, the techniques used to characterize the physicocemical behavior of the 

compounds will also be briefly reviewed. 

The main focus of this work has been on serine based surfactants, although  

4-hydroxyproline and tyrosine based surfactants have also been prepared/studied.  

 

 

2.1 SYNTHESIS AND METHODS 

 

 

The amino acid-derived surfactants studied in papers I-V are listed in tables 2.1 and 

2.2. All compounds were prepared according to procedures developed in our 

laboratories which will be briefly reviewed in the sections below.  

Details on other chemicals and materials used in each study can be found in papers I-

V. 



92 FCUP  
SERINE-BASED SURFACTANTS: design, synthesis and self-assembly  

 

 

 

Table 2.1 Monomeric surfactants used in this work. 

Surfactants Molecular Structure 
Paper 

Number 

 Acronyms Generic name   

C
A

T
IO

N
IC

 

 
 
 
18SerI (8d) 

 
 
18Ser∆9I (8e) 

 
 
 
12SerTFAc (11a) 
14SerTFAc (11b) 
16SerTFAc (11c) 
18SerTFAc (11d) 

 
 
 
N-(2-hydroxy-1-methyloxycarbonyl)ethyl-
N,N-dimethyl-N-octadecylammonium 
iodide 
 
N-(2-hydroxy-1-methyloxycarbonyl)ethyl-
N,N-dimethyl-N-cis-octadec-9-
enylammonium iodide 
 
 
N-alkyl-N-(2-hydroxy-1-

methyloxycarbonyl) 
ethyl-N,N-dimethylammonium 
trifluoroacetate 
 
 

 

 
          8,11 

 
8: X = I

-
 

11: X = CF3COO
-
 

I, V 

 
 
 
 
12TyrTFAc (12a) 
14TyrTFAc (12b) 
16TyrTFAc (12c) 
18TryTFAc (12d) 

 

 
 
 
 
N-alkyl-N-(2-hydroxyphenyl-1-methyloxy- 
carbonyl)ethyl-N,N-dimethylammonium 

trifluoroacetate 

 

 

 

 

 

 

 

 

 

12a-c 

I 

A
N

IO
N

IC
 

 
 
 
K12Hyp (15a) 
K14Hyp (15b) 
K16Hyp (15c) 

 
 
 

 

 

 

Potassium N-alkyl-4-hydroxyprolinate 

 

 

 
 

 

 

 

 
 

 
15a-c 

 

I 

 
 
 
K8-8Ser (17a)   
K12-12Ser (17f) 

 
 
 

 

 

Potassium N,N-dialkylserinate 

 

17a/17f  

V 

 
a: R1 = -(CH2)10CH3 ; b: R1 = -(CH2)12CH3; c: R1 = -(CH2)14CH3; d: R1 = -(CH2)16CH3; 
e: R1 = -(CH2)7-CH=CH-(CH2)7CH3; f: R1 = -(CH2)6CH3 
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Table 2.2 Serine-based cationic gemini surfactants synthesized in this work. 

Surfactants Molecular Structure 
Paper 

Number 

Acronyms Generic name   

 
 
(12Ser)2N5 (27a) 
(14Ser)2N5 (27b) 
(16Ser)2N5 (27c) 
(18Ser)2N5 (27d) 

 
 
(12Ser)2N10 (28a) 

 
 
 
 
(12Ser)2N12 (29a) 

 
 
Pentamethylene bis{N-(alkyl)-N-[(2-
hydroxy-1-methyloxycarbonyl)ethyl]-
N-(metyl) ammonium} 
bis(trifluoroacetate) 

 
 
Decamethylene bis{N-(dodecyl)-N-
[(2-hydroxy-1-
methyloxycarbonyl)ethyl]-N-(metyl) 
ammonium} bis(trifluoroacetate) 
 
Dodecamethylene bis{N-(dodecyl)-
N-[(2-hydroxy-1-
methyloxycarbonyl)ethyl]-N-(methyl) 
ammonium} bis(trifluoroacetate) 
 

 

 
 

27-29 

 
27a-d (m = 5) 
28a (m = 10) 
29a (m =12) 

II 

 
(12Ser)2CON2 (42a) 
(12Ser)2CON5 (43a) 
(12Ser)2CON12 (44a) 

 
 
 
 
N,N’-alkane-1,m-diyl bis{N-[(1S)-(1-
carbamoyl-2-hydroxy)ethyl]-N-dodecyl-
N,N-dimethyl ammonium} 
bis(trifluoroacetate) 
 
 

 
42-44 

 
42a: m = 2 
43a: m =5 

44a: m = 10 

 

III 

 
 

(12Ser)2COO2 (45a) 
(12Ser)2COO5 (46a) 
(12Ser)2COO12(47a) 

 
 

 
O,O’-alkane-1,m-diyl bis{N-[(1S)-1-oxy 
carbonyl-2-hydroxy)ethyl]-N-dodecyl-
N,N-dimethylammonium} 
bis(trifluoroacetate) 

 
45-47 

 
45a: m = 2 
46a: m = 5 
47a: m = 10 

 

III 

 
a: R1 = -(CH2)10CH3 ; b: R1 = -(CH2)12CH3; c: R1 = -(CH2)14CH3; d: R1 = -(CH2)16CH3; 
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2.1.1 Synthesis of cationic monomeric surfactants  

 

A total of six serine-based and four tyrosine-based cationic monomeric surfactants 

have been synthesized (paper I).  

 

The most efficent methodology for the synthesis of the target cationic surfactants 

consisted in the introduction of the alkyl chain into the O-tert-butyl protected methyl 

esters (2, 3) by redutive amination of the appropriated “fatty” aldehydes (4a-d), 

followed by methylation and removal of the protecting group with trifluoroacetic acid 

(TFA). However, when unsaturated aldehydes were used, addition of TFA to the 

double bond occurred during deprotection. Therefore, in the synthesis of the oleiyl 

derivative (6e), the non-protected amino acid methyl ester (1) was used as starting 

material; the final cationic surfactant was obtained as the corresponding ammonium 

iodide (8d) instead of the trifluoroacetate. The synthetic patway for the obtention of the 

cationic surfactants is outlined in scheme 2.1. 

 

Scheme 2.1 Synthesis of cationic monomeric serine- and tyrosine-based surfactants.  

 

Throughout the whole project, efforts were made to optimize the reaction conditions 

whenever a compound had to be synthesized. The changes introduced in the different  
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reaction steps are mainly related to the purification process and the additives used to 

promote the reactions: 

 

- Reductive aminations:  

The solvent used initially in the extractions, AcOEt, was substituted by DCM, 

which proved to be more efficient.  

For the purification of the O-protected precursors (6/7) by column 

chromatography, the use of hexane/AcOEt (12:1) and (3:1) mixtures as eluent 

showed to be a better option, when compared to DCM/MeOH, to ensure 

complete separation of unreacted aldehyde.   

- Methylation: 

The use of potassium carbonate and 18-crown-6 in this reaction lead to serious 

problems during purification. When carried out without these additives, better 

yields were obtained, as no compound was lost during purification by column 

chromatography due to contamination.  

 

The reductive amination with non-protected amino acids (1) still presents low yields. 

The major problem is the work-up of the reaction mixture by liquid-liquid extraction, as 

some of the compound gets lost in the aqueous phase due to its strong hydrophilic 

character, as confirmed by TLC. 

 

Representative experimental procedures for each reaction will be described here, 

although they have been already published by our research group.1 In the same paper, 

the full characterization of compounds 6-12 is reported and the NMR and HRMS 

spectra of the final target compounds (11/12) are included as supplementary data.  

 

 Synthesis of “fatty” aldehydes 

 

Most of the aldehydes used in this work are not commercially available and had to be 

synthesized. The methodology described by Griffith and co-workers2 represents a  

straightforward, efficient and soft process for the obtention of the desired compounds 

through oxidation of the corresponding alcohols using TPAP/NMO (scheme 2.2). 
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Scheme 2.2 Synthesis of aldehydes. 

 

Experimental procedure: 

To a suspension of the alcohol (10 mmol), methylmorpholine N-oxide 97% (1.75 eq.) 

and anhydrous S4Å molecular sieves (0.5 g/mmol of alcohol) in DCM (15 mL) TPAP (1 

mol%) was added. The solution was stirred at rt under an argon atmosphere until total 

consumption of reactants (about 20 min, TLC). The reaction mixture was filtered over 

silica gel which was washed, successively, with hexane and hexane/ethyl acetate 

(12:1). Removal of the solvent yielded aldehydes 4b-e, which were analyzed by NMR 

(table 2.3). 

 

Table 2.3 Spectroscopic characterization of aldehydes 4b-e. 

Aldehyde Yield (%) NMR 

Tetradecanal (4b) 63 According to literature
w1

 

Hexadecanal (4c) 48 

1
H NMR (CDCl3, 400 MHz) δ 9.73 (t, 1H,  

J = 1.8 Hz), 2.42 (dt, 2H, J = 7.4, 2.0 Hz), 1.72 
(m, 2H), 1.45-1.10 (m, 24H) and 0.88 (t, 3H, J = 

6.6 Hz). 
13

C NMR (CDCl3, 100 MHz) δ 202.9, 

43.9, 31.9, 29.7, 29.7(5), 29.6(4), 29.6, 29.4(3), 
29.4, 29.2, 22.7, 22.2 and 14.1. 

Octadecanal (4d) 48 

1
H NMR (CDCl3, 400 MHz) δ 9.73 (t, 1H,  

J = 1.8 Hz), 2.41 (dt, 2H, J = 7.4, 1.7 Hz), 1.67-
1.57 (m, 2H), 1.39-1.12 (m, 28H) and 0.88 (t, 3H, 

J = 6.8 Hz). 
13

C NMR (CDCl3, 100 MHz) δ 202.9, 

43.9, 31.9, 29.7, 29.6(6), 29.6(1), 29.5(8), 
29.5(3), 29.5, 29.4(8), 29.4, 29.3, 29.2(6), 29.2, 
22.7, 22.1 and 14.1. 

Cis-octadec-9-enal 

(4e) 
52 

1
H NMR (CDCl3, 400 MHz) δ 9.78-9.75 (m, 1H), 

5.40-5.25 (m, 2H), 2.42 (dt, 2H, J =7,4 Hz, J =1,1 
Hz), 2.06-1.98 (m, 4H), 1.68-1.58 (m, 2H), 1.40-
1.20 (m, 20H) and 0.88 (t, 3H, J = 6,8 Hz). 

13
C 

NMR 202.8, 130.0, 129.6, 43.9, 31.9, 29.7, 29.6, 
29.5, 29.3, 29.2, 29.1, 29.0, 27.2, 27.1, 22.6, 
22.0, and 14.1. 
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 Reductive amination  

 

Scheme 2.3 Reductive amination of aldehydes with serine (1, 2) and tyrosine (3). 

 

Experimental procedure: 

To a solution of amino acid (1-3) in DCE (10 mL) triethylamine (1.5 eq.) was added 

and the mixture was stirred for 15 min to liberate the amine from the salt. Then a 

solution of 4a-e (1.1 eq.) in 20 mL of DCE was added, followed by sodium 

triacetoxyborohydride (1.3-1.5 eq.). The mixture was stirred at rt under an argon 

atmosphere for 12 h, quenched with NaHCO3 (saturated solution) and the product 

was extracted with DCM (3 x 20 mL). The DCM extracts were washed with brine and 

dried (Na2SO4). The solvent was removed and the crude product was subjected to 

column chromatography on silica gel using mixtures of hexane/ethyl acetate 12:1 

and 3:1 (for compounds 6/7) as eluent; for the non-protected derivatives (5) the 

eluent mixtures used were hexane/ethyl acetate (5:1) and DCM/methanol (10:1). 

Compounds 5-7 were obtained as colorless oils (yields 54-84%).  

 

Spectroscopic data (1H-NMR) of compounds 5d and 5e are presented below: 

 

N-octadecylserine methyl ester (5d): colorless oil (56%). 
1
H NMR 

(CDCl3; 400MHz) δ 3.80 (dd, 1H, J = 10.4, 4.4 Hz, H-CH-OH), 3.76 (s, 3H, 

-COOCH3), 3.57 (dd, 1H, J = 10.4, 6.8 Hz, H-CHOH), 3.38 (dd, 1H,J = 6.8, 

4.4 Hz, -CH-COOCH3), 2.71-2.64 (m, 1H, -NH-CH(H)), 2.53-2.46 (m, 1H,  

-NH-CH(H)), 1.90-1.55 (bs, 1H, -OH), 1.50-1.45 (m, 2H, -NH-CH2-CH2-), 

1.26 (bs, 30H, (CH2)15), 0.88 (t, J = 6.8 Hz, 3H, -CH3).  
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N-cis-octadec-9-enylserine methyl ester (5e): colorless oil (42 %). 
1
H 

NMR (CDCl3; 400MHz) δ 5.36-5.31 (m, 2H, H-C=C-H), 3.80-3.74 (m, 2H,CH-

COOCH3 and H-CH-OH), 3.72 (s, 3H, COOCH3), 3,60 (dd, 1H, J = 10.8, 6.4 

Hz, H-CH-OH), 2.71-2.60 (m, 1H, -NH-C(H)-H), 2.54-2.44 (m, 1H, NH-

C(H)H), 2.05-1.97 (m, 2H, CH2-CH=CH-CH2), 1.52-1.40 (m, 2H, -NH-CH2-

CH2), 1.35-1.20 (bs, 22H,-(CH2)11), 0.88 (t, 3H, J = 6,7 Hz, -CH3).  

 

 Methylation  

 

 

Scheme 2.4 Methylation of N-alkylated 5-7 precursors with iodomethane. 

 

Experimental procedure: 

The N-alkylated precursors (5-7) were dissolved in DMF (≈ 0.5 mL) and iodomethane 

(2 eq.) was added. The mixture was stirred at rt for 6-12 h until the reactants were  

consumed (TLC). The solvent was evaporated to give the crude ammonium salt, which 

was taken up in ethyl acetate (3 x 20 mL) and washed with sodium thiosulfate (10%). 

The ethyl acetate layer was dried (Na2SO4) and after removal of the solvent, products 

8-10 were obtained as yellow oils (yields 50-96%). 

 

The detailed description of NMR spectra for compounds 8d/8e is presented below: 

 

N-(2-hydroxy-1-methyloxycarbonyl)ethyl-N,N-dimethyl-N-octadecylammonium iodide 

(8d): (CDCl3; 400MHz): yellow oil (50%).
1
H NMR δ 4,85 (dd, 1H, J = 5.2, 2,4 Hz, CHCOOCH3), 

4.63-4.53 (sl, 1H, CH2OH), 4.51 (dd, 1H, J = 14.0, 2.0 Hz, H-CHOH), 4.37 (dd, 1H, J = 13.8, 5.4 

Hz, H- CHOH), 3,89 (s, 3H, -COOCH3), 3,82 (dt, 1H, J = 12.4, 5.3 Hz, N
+
-C(H)H), 3,73 (dt, 1H, 

J = 12.4, 4.9 Hz, N
+
-C(H)H), 3.57 and 3.53 (2 × s, 6H, N

+
(CH3)2), 1.90-1.65 (m, 2H, - 
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CH2CH2N
+
), 1.45-1.12 (s, 30H, (CH2)15), 0.88 (t, 3H, J = 7.0 Hz, -

CH3).
13

C NMR (CDCl3; 100 MHz): δ 166.1 (C=O), 72.7 (-CH-), 66.1 

(N
+
CH2-), 58.3 (-CH2-OH), 53.7 (-OCH3), 51.7 and 51.0 (N

+
(CH3)2), 

[31.9, 29.7, 29.6, 29.5(6), 29.4, 29.3(2), 29.3, 29.0, 26.1, 22.8, 22.6 -

(CH2)16] 14.1 (-CH3). 

 

N-(2-hydroxy-1-methyloxycarbonyl)ethyl-N,N-dimethyl-N-cis-

octadec-9-enylammonium iodide (8e): yellow oil (52%). 
1
H NMR 

(CDCl3; 400MHz) δ 5.40-5.29 (m, 2H, H-C=C-H), 4.85 (dd, 1H, J = 5.4, 

2.8 Hz, -CHCOOCH3), 4.50 (dd, 1H, J = 14.0,  2.8 Hz, H-CHOH), 4.37 

(dd, 1H, J = 14.0, 5.6 Hz, H-CHOH), 3,89 (s, 3H, OCH3), 3.81 (dt, 1H, 

J=12.8, 5.2 Hz, N
+
-C(H)H), 3.72 (dt, 1H, J = 12,6 Hz, 4.8 Hz, N

+
-C(H)H), 

3.56 and 3.53 (2 × s, 6H, N
+
(CH3)2), 2.06-1.98 (m, 4H, CH2-HC=CH-

CH2); 1.92-1.62 (m, 2H, N
+
-CH2-CH2), 1.45-1.20 (m, 22H, (CH2)11), 0,88 

(t, 3H, J = 6.8 Hz, -CH3).
13

C NMR (CDCl3; 400MHz): δ 166.1 (C=O), 

130.0 and 129.5 (-CH=CH-) 72,7 (-CH); 66,0 (N
+
-CH2-), 58,2 (-CH2-OH), 

53.7 (-OCH3), 51.7 and 50,9 (N
+
(CH3)2), [31.8, 29.7, 29.6, 29.4, 29.2, 

29.0, 28.9(8), 27.1, 27.0, 26.1, 22.8, 22.6 -(CH2)14], 14.0 (CH3). 

 

 Deprotection (removal of O-tert-butyl group) 

 

Scheme 2.5 Obtention of the final cationic surfactants 11-12. 

 

Experimental procedure: 

Compounds 9/10 were dissolved in TFA (1mL /g of starting material) and stirred for 24-

36 h at rt. The mixture was treated with diethyl ether followed by evaporation until total 

removal of TFA. The residue was submitted to column chromatography on silica gel, 

using a mixture of DCM/methanol (5:1) as eluent, to yield target compounds 11-12 as 

colorless oils (yields 37-89%). Compounds 11a-d were further purified by  
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recrystallization from ethyl acetate/hexane (1:1); however, attempts to recrystallize 

12a-c were not successful. 

 

 

2.1.2 Synthesis of anionic monomeric surfactants 

 

Two anionic surfactant series were synthesized during this project: single-chained 4-

hydroxyproline derivatives, used in the interfacial studies described in paper I, and 

double-chained serine-based surfactants necessary for the preparation of the 

catanionic mixtures studied in paper V.  

 

A) Synthesis of 4-hydroxyproline-based surfactants 

 

In what concerns the 4-hydroxyproline derivatives, introduction of the alkyl chains by 

reductive amination, followed by saponification led to the desired anionic surfactants 

(15; scheme 2.6). 

 

 

Scheme 2.6 Synthesis of 4-hydroxyproline-based anionic surfactants. 

 

The reductive amination reaction was performed following the procedure already 

described for the synthesis of the cationic surfactants. The saponification was carried 

out as described below: 

The N-alkyl 4-hydroxyproline methyl esters (14a-c) were dissolved in a KOH/methanol 

(1.5 eq) solution and stirred at rt until total consumption of reagents (24 h). Upon  

 



FCUP 
EXPERIMENTAL SECTION 

101 

 

 

addition of AcOEt to the resulting solution, product 15a-c precipitated and was  

collected by suction filtration as white crystals (yields 53-85%). The spectroscopic data 

of compounds 14/15 can be found in a previous report of our research group.1 

 

B) Synthesis of double-chained serine-based surfactants 

 

The synthetic pathway for the obtention of the double-chained serine-based 

surfactants is outlined in scheme 2.7. Two surfactants with different alkyl chains were 

synthesized: K8-8Ser (17f) and K12-12Ser (17a). While performing the reductive 

aminations it was observed that, depending on the alkyl chain length of the aldehyde, 

the introduction of the two alkyl chains into the serine derivative (1) occurred either in 

one step or required two consecutive reductive aminations (for alkyl chains with 12 or 

more carbon atoms). Accordingly, reductive amination of dodecanal (4a) afforded the 

N-alkylated compound (A) which was reacted again with 4a to yield the  

N,N-didodecylserine methyl ester (16a). On the other hand, reductive amination of 

octanal (4f) with the serine derivative (1) yielded the target compound N,N-

dioctylserine methyl ester (16f), in one step with 95% yield.  

The anionic surfactants 17a/17f were readily accessed by saponification of the 

corresponding N,N-dialkylserine methyl esters (16a/16f) with KOH/MeOH. 

 

 

Scheme 2.7 Synthesis of double-chained serine-based anionic surfactants. 
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The reductive aminations and the saponifications were carried out according to the 

procedures already described. The characterization (NMR and MS) of compounds A  

and 16/17 will be presented below. The NMR spectra of 17a/17f can be found in the 

supporting information of paper V.  

 

N-dodecylserine methyl ester (A): white powder (72%) 
1
H NMR 

(CDCl3; 300MHz) δ 3.79 (dd, 1H, J = 10.8, 4.5 Hz, -C(H)H-OH), 

3.76 (s, 3H, -OCH3), 3.61 (dd, 1H, J = 10.8, 6.3 Hz, -C(H)H-OH), 

3.37 (dd, 1H, J = 6.3, 4.5 Hz, -CH-), 2.71-2.64 (m, 3H,-NH-C(H)H-

, OH), 2.55-2.46 (m, 1H, -NH-C(H)H-), 1.51-1.47 (m, 2H, 

-NH-CH2-CH2-), 1.40-1.20 (m, 18H, -(CH2)9-), 0.88 (t, 3H, J = 6.5 

Hz, -CH3). 
13

C NMR (CDCl3; 75MHz)δ 173.5 (C=O), 62.7 (-CH-), 

62.2 (-OCH3), 52.1 (-CH2OH), 48.3 (NH-CH2-), [31.7, 30.0, 29.6, 

29.5(8), 29.5(6), 29.5(4), 29.4, 29.3, 27.1, 22.6 -(CH2)11], 14.1 

(-CH3). MS (ESI, MeOH) calcd. 288.25 [M+H]
+
; found 288.30. 

 

N,N-didodecylserine methyl ester (16a): coloreless oil (54%) 
1
H 

NMR (CDCl3, 400 MHz) δ3.74-3.70 (m, 4H, -OCH3, -CH-), 3.61-

3.56 (m, 2H, CH2OH), 3.10 (bs, 1H, -OH), 2.59 (t, 4H, J = 7.4 Hz, 

2 × -N-CH2-), 1.49-1.37 (m, 4H, 2× -NH-CH2-CH2-), 1.30-1.21 (m,  

36H, 2 × -(CH2)9-), 0.88 (t, 6H, J = 6.8 Hz, 2 × -CH3). 
13

C NMR 

(CDCl3, 100 MHz): 171.8 (C=O), 63.9 (-CH-), 58.7 (-CH2OH), 51.3 

(2 x N-CH2-), 51.2 (-OCH3), {31.9 29.6(4), 29.6, 29.5, 29.3, 29.0, 

27.2, 22.7 [2 x (CH2)10]}, 14.1 (-CH3). MS (ESI, MeOH) calcd. 

456.44 [M+H]
+
; found 456.67. 

 

N,N-dioctylserine methyl ester (16f): coloreless oil (95%). 
1
H 

NMR (CDCl3, 400 MHz) δ3.73-3.70 (m, 4H, -OCH3, -CH-), 3.61-

3.55 (m, 2H, CH2-OH), 2.90 (bs, 1H, -OH), 2.58 (t, 4H, J = 7.4 Hz, 

2 × -N-CH2-), 1.47-1.39 (m, 4H, 2 × -NH-CH2-CH2-), 1.30-1.27 (m, 

20H, 2× -(CH2)5-), 0.88 (t, 6H, J = 6.8 Hz, 2 × -CH3). 
13

C NMR 

(CDCl3, 100 MHz) δ 171.7 (C=O), 63.8 (-CH-), 58.7 (-CH2OH), 

51.3 (2 x N-CH2-), 51.1 (-OCH3), {31.7, 29.6, 29.5, 29.3, 27.2, 

22.6 [2 x(-CH2)6]}, 13.0 (-CH3). MS (ESI, MeOH) calcd. 344.32 

[M+H]
+
; found 344.47. 
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Potassium N,N-didodecylserinate (17a): white powder 

(82%).
1
H NMR (CDCl3, 400 MHz) δ 4.00 (m, 2H, -CH2-OH), 3.64 

(m, 1H, -CH), 3.15 (m, 4H, 2 × -N-CH2-), 1.67 (s, 4H, 2 ×  

-NH-CH2-CH2-), 1.30-1.26 (m, 36H, 2 × -(CH2)9-), 0.88 (t, 6H, J = 

6.4 Hz, 2× -CH3). 
13

C NMR (CDCl3, 100 MHz) δ 171.1 (C=O), 

67.8 (-CH-), 59.1 (-CH2OH), 51.3 (2 x–N-CH2), {31.9, 29.6(4), 

29.6(1), 29.6, 29.3, 27.0, 22.6 [2 x (CH2)10]} 14.1 (-CH3). HRMS 

(ESI, MeOH) calcd. 479.3741; found 480.3811. 

 

 

Potassium N,N-dioctylserinate (17f): white powder (85%). 
1
H 

NMR (CDCl3, 400 MHz) δ 3.86 (m, 2H, CH2-OH), 3.35 (bs, 1H,  

-CH), 2.88 (m, 4H, 2 × -N-CH2-), 1.54-1.53 (m, 4H, 2 ×  

-NH-CH2-CH2-), 1.35-1.28 (m, 20H, 2 × -(CH2)5-), 0.89 (t, 6H,  

J = 6.8 Hz, 2 × -CH3). 
13

C NMR (CDCl3, 100 MHz) δ  68.3 (-CH-), 

59.7 (-CH2OH), 50.6 (2 x -N-CH2-), {31.8, 29.7, 29.5, 29.4, 27.4, 

25.4, 25.3, 22.7 [2 x (-CH2)6]}, 14.1 (-CH3). HRMS (ESI, MeOH) 

calcd. 367.2489; found 368.2563. 

 

 

2.1.3 Synthesis of serine-based cationic gemini surfactants 

 

Three series of cationic gemini surfactants containing serine as polar head group were 

synthesized. The choice of this amino acid was dictated by the results obtained in a 

previous work, where it was shown that serine-derivatives present a better 

toxicological profile, comparatively to tyrosine- and 4-hydroxyproline-based 

surfactants.3 With the synthesis of gemini surfactants our intent was to obtain 

compounds with enhanced physicochemical properties relative to their monomeric 

counterparts, potentially suitable for biomedical applications (drug or gene delivery). 

The synthesis of these gemini surfactants and the evaluation of both interfacial and 

cytotoxic properties can be found in papers II and III; DNA compaction studies are 

presented in paper IV.  

 

The presence of three functional groups in the amino acid is advantageous, since it 

allows the obtention of great chemical diversity in the final compounds. All the gemini  
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surfactants synthesized are ammonium salts which have been classified, according to 

the nature of the bond between the polar head-group and the spacer, as belonging to 

the amine, amide or ester series. 

 

In this section, the synthetic strategies devised for the obtention of the target gemini 

surfactants will be presented as well as the experimental details of the syntheses.  

 

Our first synthetic approach envisaging the obtention of the dimeric precursors of the 

diamine series was the reaction of methyl O-tert-butylserinate (2) with a dialdehyde. 

The most accessible dialdehyde available commercialy is pentane-1,5-dial, commonly 

known as glutaraldehyde. Thus, the formation of a dimeric 

compound with a five carbon spacer was expected. However, 

cyclic compound B was obtained, resulting from two reductive 

aminations at the same nitrogen atom of 2. It was recognized 

that for the introduction of the spacer by reductive amination to 

be successful, the amine functionality had to be secondary. Therefore, the first step in 

the synthesis of the gemini surfactants of the amine series had to be the 

monoalkylation of the serine derivative. Furthermore, for the synthesis of the gemini 

surfactants of the amide/ester series, dialkylation of the amine group of the amino acid 

prior to condensation was necessary in order to avoid competitive reaction (peptide 

formation) when introducing the spacer at the carboxylic acid group. 

 

Taking these observations into account, an alternative synthetic pathway for the 

synthesis of the cationic gemini surfactants was explored, involving the introduction of 

the spacers into the corresponding monoalkylated/dialkylated monomeric precursors, 

followed by methylation and deprotection (scheme 2.8). The monomeric precursors 

used were those referred to in the previous section or similar ones, obtained by 

reductive amination of “fatty” aldehydes with the appropriate amino acid derivative. For 

the obtention of the dimeric precursors, the spacers were introduced either between 

the nitrogen atoms of the amino acid derivative through amine linkages (compounds of 

the amine series), or between two carboxylic acid groups, through amide or ester 

bonds (amide and ester series); trials to introduce the spacer at the hydroxyl group 

through formation of an ether bond were not successful. 
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Scheme 2.8 Synthesis of cationic gemini surfactants: amine, amide and ester series.  

 

A more detailed description of each reaction step and the corresponding experimental 

details will be subsequently presented. 

 

A) Synthesis of monomeric precursors 

 

The synthesis of the monomeric precursors is outlined in scheme 2.9. Either methyl  

O-tert-butylserinate or O-tert-butylserine (2 or 18) were used as starting material, 

depending on which series of surfactants was to be synthesized, amine or amide/ester 

series, respectively. Initially, the serine derivatives were transformed into the 

corresponding N-alkyl-derivatives by reductive amination of various aldehydes (4a-d) 

following the procedure described in section 2.1.1. The N-alkylderivatives 5a-d 

(obtained from 2) were the precursors for the amine series. On the other hand,  

N-dodecyl derivative 19a (from 18) had to be transformed into the dialkylated  
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derivative (20a) necessary for the synthesis of the dimeric precursors of the amide and 

ester series. This transformation was accomplished by reaction with formaldehyde.  

The spectroscopic characterization of compounds 5a-d can be found in paper II; for 

the monomeric precursors 19a and 20a see paper III.  

  

Scheme 2.9 Synthesis of monomeric precursors. 

 

B) Obtention of dimeric precursors 

 

B1) From N-alkyl-O-tert-butylserine methyl esters (5): precursors of the diamine 

series (scheme 2.10) 

 

The N-alkylated compounds (5a-d) were transformed into the corresponding gemini 

precursors (24-26) by reductive amination in the presence of NaBH(OAc)3, this time 

using dialdehydes (21-23).   

 

Scheme 2.10 Synthesis of precursors of the diamine series. 
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The dialdehydes decane-1,10-dial (22) and dodecane-1,12-dial (23) were synthesized 

by oxidation of the corresponding diols, using TPAP/NMO, as described in section 

2.1.1. (47 and 58% yield, respectively); glutaraldehyde (21) is commercially available.  

 

The experimental procedure for the introduction of the spacers by reductive amination 

was as follows:  

N-alkyl-O-tert-butylserine methyl ester (5a-d) and dialdehyde (21-23, 1 eq.) were 

dissolved in DCE and stirred at rt for 1h, and then sodium triacetoxyborohydride (1.3-

1.5 eq.) was added. The mixture was stirred at rt under an argon atmosphere for 12 h, 

quenched with water (10 mL) and the product was extracted with DCM (3 x 20 mL). 

The organic extracts were dried (Na2SO4) and the solvent was evaporated. The crude 

material was subjected to column chromatography on silica gel (hexane/AcOEt 5:1) to 

yield the product (24-26) as a colorless oil (56-60% yield). The full characterization of 

the gemini precursors 24-26 can be found in the experimental section of paper II 

 

B2) From N-dodecyl -N-methyl -O-tert-butylserine (20): precursors of the diamide 

or diester series. 

 

The N, N-dialkylated precursor (20a) was transformed into diamides 36-38 or diesters 

39-41, by condensation with diamines (30-32) or diols (33-35), respectively (scheme 

2.11).The reactions were performed according to conventional peptide condensation 

methods, using either TBTU or PyBOP as coupling agents. Specificity of the coupling 

agents was observed, i. e. PyBOP was shown to be efficient in the preparation of the 

diesters while TBTU was efficient in the synthesis of the diamides. It should be pointed 

out that on changing the coupling agents the reactions did not occur. The yields of the 

condensations were, in general, low (≈ 40%), mainly due to the extension of the 

reactions, which could not be driven to completeness as none of the reagents could be 

used in excess (the diamines/diols in order to avoid monocondensation, and the 

monomeric precursors due to their high cost of preparation). 
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Scheme 2.11 Synthesis of precursors of diamide (36-38) and diester (39-41) series. 

 

The synthesis of the dimeric precursors was carried out according to the following 

procedure:  

 

N-dodecyl-N-methyl-O-tert-butylserine (20a; 1.0 mmol) and DIEA (2 eq.) were 

dissolved in DCM (10 mL). The solution was cooled to 0ºC, and the appropriate 

coupling agent (2 eq.) was added, followed by diamine/diol (1 eq.).The reaction was 

allowed to proceed at rt for 3-4 days. The reaction mixture was washed, successively,  

with an aqueous solution of 1% HCl (3 x 10 mL), saturated solution of NaHCO3 (3 x 10 

mL) and water (3 x 10 mL). The organic layer was dried (Na2SO4) and the solvent was 

evaporated. The crude product was submitted to column chromatography on silica gel 

(hexane/ethyl acetate, 6:1 then, in the case of amides 36-38 hexane/ethyl acetate, 

1:1). The products 36-41 were obtained as colorless oils (37-56% yields) and their 

structures were confirmed by 1H and 13C NMR spectroscopy and by mass 

spectrometry (cf. paper III). 

 

C) Obtention of gemini surfactants 

 

The production of the final cationic gemini surfactants (27-29/42-47; scheme 2.8) was 

achieved by methylation and subsequent deprotection of the dimeric precursors (24-

26/36-41) according to procedures already described: methylation was carried out in  
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DMF using 2 equiv. of iodomethane, and the tert-butyl group was removed using an 

excess of trifluoroacetic acid (TFA). The experimental procedures as well as the full 

characterization of the synthesized compounds can be found, for the amine series, in 

paper II and, for the amide/ester series, in paper III. 

 

 

2.1.4 Cytotoxicity studies 

 

The cytotoxic properties of serine-based cationic gemini surfactants were investigated 

in order to assess the influence of both, the alkyl chain length and the nature of the 

spacer linkage, on the cytotoxic profile of the corresponding compounds. The four 

compounds of the amine series with 12, 14, 16 and 18 carbon alkyl chains and a 5 

carbon spacer were used to evaluate the influence of the alkyl chain length. For the 

assessment of the influence of the nature of the spacer linkage, one surfactant (12-5-

12) of each of the three series synthesized was used. The results are presented in 

paper III. 

 

All cell viability studies were carried out in human HeLa cells (epithelial cervical 

carcinoma cell line). 

 

Cells were incubated with the surfactants at different surfactant concentrations for 

periods of 4, 8 or 24 h at 37ºC. After this time, cell viability was estimated by the 

Alamar Blue assay or resazurin assay. In this method, the dark blue resazurin is 

reduced to the pink and highly fluorescent resorufin in the presence of living cells 

(figure 2.1).4 The redox capacitiy of the cells, which reflects their viability and 

proliferation, was determined by colorimetry. The Alamar Blue assay is nontoxic and 

does not cause cell death during the experience, thus allowing for cell reuse.4,5 This 

represents an advantage over other commonly used methods for toxicity assessment, 

such as the 3-(4,5-dimethylthiazol-2yl)-2,5-diphenyl tetrazolium bromide assay (MTT). 

During the experiments positive (cells without addition of surfactant) and negative 

(absence of cells) controls were prepared. 
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The percentage cytotoxicity for each surfactant concentration was calculated 

according to the following equation: 

 

100x 

cells  control ofAA

cells  exposed of AA
tyCytotoxici %

600570

600570




100                                           (2.1) 

 

The complete procedure concerning these studies can be found in paper III. 

 

 

 

 

 

 

 

 

 

Figure 2.1 A) Reduction of resazurin in the presence of viable cells due to the presence of reducing metabolites. B) 

color modification in the well plates; blue wells showing cells with low reducing capacity (interpreted as low viability 

cells) and pink wells showing the presence of resorufin (viable cells). 

 

 

2.1.5 DNA compaction studies 

 

The interaction/compaction of the synthesized surfactants with DNA was investigated. 

Gemini surfactants with 12-carbon alkyl chains and 12-carbon spacers were selected 

from each series: (12Ser)2N12 (28a) – amine series; (12Ser)2CON12 (44a) – amide 

series; and (12Ser)2COO12 (47a) – ester series. When in aqueous solutions, 

surfactant 28a forms micelles, while 44a and 47a spontaneously form vesicles. The 

interaction of these surfactants with DNA, at different charge ratios and in 

presence/absence of helper lipid (DOPE), was followed by dynamic light scattering 

(DLS) and by fluorescence spectroscopy using ethidium bromide (EB) as fluorescent 

dye. The details on the fluorescence assays will be briefly presented below. 
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EB is a well-known probe for DNA, and its ability to intercalate into the DNA double-

helix has been extensively studied.6-10 When intercalated, it fluoresces at 610 nm by 

direct excitation at 510 nm. However, upon condensation by cationic aggregates the  

probe is displaced from the DNA to the aqueous solution and a bathocromic and 

hypocromic shift is observed (figure 2.2). This decrease of fluorescence intensity can 

be expressed in terms of percentage compared to the initial maximum EB 

fluorescence in DNA, giving an indication about the amount of condensed DNA at 

different cationic surfactant/DNA ratios.10-11 

 

Figure 2.2 Ethidium bromide fluorescence emissions in DNA and in water. 

 

The fluorescence assays were performed in a Perkin Elmer Luminescence 

Spectrometer L550.The measurements were made in quartz fluorescence cells at 

25ºC.The DNA solution was directly mixed with EB in the fluorescence cell. EB 

concentration was kept six times lower than that of the DNA, to ensure a decrease in 

the probe fluorescence directly proportional to the amount of cationic lipid at a given 

nucleotide base concentration. The cationic aggregates were added to EtBr/DNA 

solutions and the emission spectra were recorded from 520 to 700 nm. All 

emission spectra were integrated, and the ratio of the areas for the dye solutions 

and the standard was determined, after subtraction of the solvent background. 

The results were treated according to a procedure described by Silva and co-

workers.10, 11 Briefly, each fluorescence emission spectrum was fitted into a sum 

of two log-normal functions, corresponding to the two different environment  
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states of the probe: intercalated in the DNA or dispersed in H2O. Considering 

that the fluorescence quantum yield of EtBr in the lipoplex remains constant for 

all the CRs (+/-), the percentage of complexed DNA (α) at any given CR (+/-)x 

can be obtained from the following expression:  

 

     

  
100

CR

CRCR

DNA
F

x
DNA
F0

DNA
F












xI

II

α            (2.2) 

 

where   o
DNA
F /CR  I  and   x

DNA
F /CRI   represent the total fluorescence 

intensities of EtBr in DNA before and after addition of aggregates at a specific CR (+/-), 

respectively. 

 

 

2.2 TECHNIQUES 

 

 

The synthesized compounds were evaluated with respect to their physicochemical 

properties. For this purpose many techniques, well known in the Physical Chemistry of 

Colloids and Interfaces, were used. For example, the assessment of micellization 

properties and surface activity was performed by means of tensiometry and/or 

conductimetry (papers I to V). For the characterization of the phase-behavior and 

aggregates morphology and stability a combination of techniques was used. 

Microscopic techniques such as light and electron microscopies (cryo-TEM and cryo-

SEM) were used to build phase maps and to characterize the aggregates formed in 

solution (papers IV and V). Dynamic light scattering, on the other hand, was employed 

to measure the size and zeta potential of the aggregates. The main physical principles 

behind these techniques will be briefly described in this section. 
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2.2.1. Surface tension 

 

The critical micellar concentration (cmc) can be determined by measuring their surface 

tension (γ) of a solution with increasing surfactant concentration.12,13 Before the cmc 

surfactant addition increases the amount of surfactant monomers in solution. Because 

surfactants tend to accumulate at the surface, the surface tension decreases until the 

cmc is reached; after this, a plateau is attained. At this point, the concentration of free 

monomer is roughly constant an equal to cmc value. Thus, the cmc can be determined 

as the ”break points” in the γ vs. ln (m/mº) curves as illustrated in figure 2.3. From the 

surface tension measurements other interfacial parameters can be calculated namely, 

the maximum surface excess (Гmax) and the minimum surface area per surfactant head 

group, as. The maximum surface excess (Гmax), can be calculated from the slope of 

linear fit to γ vs. ln (m/mº) just below the cac, according to the eq. 2.2. 

 

Гmax = 
p,T

m/m

γ

RT 













)(ln  n

1
           (2.3)  

where R is the gas constant and T is the absolute temperature, m is surfactant molal 

concentration (m o= 1 mol·Kg-1), and n is related to the number of independent species 

at the interface. 

 

 

 

 

 

 

 

 

 

 

Figure 2.3 Surface tension vs. ln(concentration) curves obtained for two serine-based surfactants.  
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Through Гmax, the minimum surface area, occupied by a surfactant molecule, as, is 

easily obtained by: 

maxΓN
a

A

s

1
                (2.4) 

where NA is the Avogadro constant. 

 

 

 Measuring the surface tension 

 

If a solid body is placed into the surface and ruptures it, the surface tension will act on 

the body over the immersed region, pulling the body towards the solution. The 

resulting force R acting on the body can be calculated by solving the integral over the  

total wetted length L: 

 L
dLR                (2.5) 

Surface tension can be measured by several methods which can be divided as 

follow:(i) force methods, such as the Wilhelmy plate method, Du Noüy ring or drop 

weight, (ii) shape methods, which includes the pendant or sessile drop and (iii) 

pressure methods represented by the maximum bubble as pressure method. In this 

work the Wilhelmy plate method has been used.14 

 

It measures the force (F) with which platinum plate of known perimeter [L = 2 (l+ d)] is 

puled downward by an interface, in our case air/water. The surface tension force, 

Lγcosθ, is equal to the weight of the liquid meniscus adsorbed onto the plate and 

detected by a balance, which can be expressed through the following equation: 

     cos  dlFW  2             (2.6) 

where w is the meniscus’ weight detected by the balance, θ is the contact angle 

defined by the meniscus shape on the wet platinum surface plate, and l is the width 

and d the plate thickness, respectively (figure 2.4). Considering θ very small and the 



FCUP 
EXPERIMENTAL SECTION 

115 

 

 

plate thickness negligible compared with it width, the former expression is simplified to: 

lγ
w

F   2              (2.7) 

 

 

 

 

 

 

 

 

 

 

Figure 2.4 Illustration of a fully wet Wilhelmy plate in contact with an aqueous solution. 

 

 

Procedure and Equipment: 

The Wilhelmy plate used, is this work, is made of platinum-iridium alloy, present 

roughened surfaces (to minimize the contact angle, θ) and has the following geometric 

dimensions: length 10 mm, width 19.9 mm and thickness 0.2 mm. Before each 

experiment the plate is thoroughly clean and flamed. The surfactant solutions used for 

the interfacial characterization were prepared on the same day of the experiment. 

Ultra-pure water from Mili-Q system was used in all samples. As mentioned in the 

papers, the measurements were performed in a DCATT 11 surface tensiometer and 

temperature was kept constant at the desired value (± 0.1ºC) using a thermostatted 

Julabo water bath. 
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2.2.2. Conductimetry 

 

The dissolution of an ionic surfactant in water increases its electrical conductivity, due 

to the increase of free amphiphilic ions and counterions in solution.13 When the 

micelles start forming, the polar headgroup is in contact with the aqueous solution. The 

counterions become kinetically as part of the micelle, contributing to their surface 

charge. Therefore, there is a reduction in the number of counterions available to 

conduct electrical current and, at the same time, a decrease of the effective electric 

charge of surfactant micelles is observed. Commonly, 50-70% of the counterions are 

"bond" to the micelle (diffuse cloud) due to electrostatic attractions. In turn, the ionic 

atmosphere (caused by free counterions), delays the migration of surfactant ions and 

this, increases with the aggregation. 

 

All these factors lead to a decrease of specific conductivity (k), beyond the cmc. 

 

 Measuring the conductivity of surfactant solutions 

 

Conductimetry is widely used in micellization studies of ionic surfactants. In the 

present work, this technique was particularly relevant for the determination of the 

degree of micellar ionization, of monomeric (paper I) and gemini (paper II) 

surfactants. Conductimetry plots, such as the one presented in fig 2.5., were used to  

estimate values. It is well-known, that the conductivity of surfactant solutions is 

directly proportional to the concentration of its ions:12 

 

Ack                          (2.8) 

 

The point, where the micelle formation starts, is indicated on the concentration 

dependence of specific conductivity (k) as a breaking point. It is easy to find the 

breaking point, because it marks a significant change of the linear slope of the 

dependence k =f(m) (figure 2.5). 
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Figure 2.5 Specific conductivity vs. molalility for aqueous solutions of (12Ser)2m serine-based gemini surfactant. 

 

From the  values, the standard molar Gibbs energy of micellization, for monomeric 

and gemini surfactants, can be calculated according to equations 1.19 and 1.20, 

respectively (pp. 73, 74). As previously mentioned, the  values can be obtained as 

the ratio between the slopes of the post-cmc and pre-cmc linear fits to the data.  

The standard molar Gibbs energy of adsorption at the air-solution interface can be 

obtained according to the following equation: 

max

cmc0
mmic

0
mads ΔΔ

Γ

π
GG                       (2.9) 

where  
cmcOHcm 2
 c

is the surface pressure of the solution at cmc. 

 

Procedure and equipment: 

The specific conductivity,k, was measured with a WTM Inolab 740 conductivity meter 

calibrated with a 1.00 x10-2 mol.kg-1 KCl aqueous solution. The measured cell constant 

was 0.473 cm-1. For the measurements, successive aliquots of a concentrated solution 

of surfactant (7 to 10 times the cmc value) were progressively added to a thermostated 

vessel with a known volume of Millipore water under constant stirring. The surfactant 

solutions used were prepared on the same day of the experiment; Millipore water was 

used in all samples. 
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2.2.3 Light microscopy  

 

Microscopy is an important tool for the structural characterization of nano-assembled 

structures formed by amphiphilic molecules. There are many microscopic techniques 

such as the traditional light microscopy, or more powerful ones such as, transmission 

electron microscopy (TEM) and scanning electron microscopy (SEM), amongst others. 

Each technique presents different features. For example, while SEM shows the fine 

structure of surface aggregates, light and TEM microscopies provide a 2D projection of 

colloidal aggregates in solution. TEM, on other hand, present higher resolution than 

light microscopy allowing the visualization of colloidal aggregates with sizes between 

5-500 nm. 

 

There are two major limitations to the use of light microscopy in the characterization of  

surfactant microstructures; the resolution limit of the technique and the low contrast of 

the aggregates.15,16 

 

Resolution (i.e. the ability to distinguish adjacent points as individual objects) is limited 

by the wavelength of the radiation used for visualization. The resolution of a light 

microscope is given by:17 

. . AN
R

2


            (2.10) 

where λ is the radiation wavelength (λ: 400-700 nm) and N.A. is the numerical aperture 

of the objective, defined as: 

sin.. nAN                          (2.11) 

here, n is the refractive index of the medium between the lens and the specimen and  

is half of the aperture angle of the objective. According to eq. 2.10, the resolution is, 

not only, limited by the wavelength of the radiation, but also by diffraction of the light by 

the medium between the lenses and the sample. While magnification can be increased 

without limiting factor, resolution cannot. Typically the maximum resolution of a visible 
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light microscope is ca. 200 nm (considering lens with N. A. of 1.40 and λ = 530 nm). In 

practice, resolution is hardly better than 500 nm. 

Some colloidal aggregates as e.g., liposomes have low contrast and cannot be easily 

distinguished from the background solution with ordinary light microscopy techniques. 

This problem can be circumvented by using a microscope equipped with both 

Differential Interface Contrast (DIC) lenses and a TV camera connected to the 

microscope.16,18 The DIC lenses per se enhance contrast between object and 

background.  A further contrast enhancement is provided by the video-camera, which 

responds to small differences in light intensity no matter what the background level is, 

allowing the detection of aggregates not visible to the naked eye. This technique is 

called differential interface contrast video-enhanced light microscopy (DIC-VELM) and 

has been shortened in this thesis to VELM. As can be seen, in fig. 2.6. VELM is very 

effective in detection of m-sized structures under normal light. 

 

 

 

 

 

 

 

 

Figure 2.6 VELM micrographs of serine-based Gemini surfactant vesicles: A - (12Ser)2COO12 and  

B – (12Ser)2CON12. Scale bars: 20 m. 

 

 Polarized light microscopy and phase scanning studies 

 

In this thesis, polarized light microscopy (PLM) was used for the determination of 

phase behavior of concentrated samples using the phase scanning technique. In 

general terms, phase scanning consists in the formation of a concentration gradient 

upon controlled hydration of the sample. During the hydration, a sequence of different 

structures is formed, and the resulting mesophases can be obtained, using PLM, 

through the identification of birefrigent textures. Isotropic phases such as cubic or 

micellar show a dark background, while anisotropic phases exhibit characteristic  
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textures.19 In particular, lamellar phases often show typical mosaic textures, while 

lamellar dispersions containing large multillamelar liposomes show domains with a 

characteristic Maltese cross pattern. Hexagonal phases usually show fan-shaped or 

non-geometrical textures. The complete procedure concerning phase scanning studies 

is reported in paper IV. 

 

Procedure and equipment: 

Sample visualization was performed with an Olympus BX51 light microscope equipped 

with Differential Interference Contrast system. The images were acquired with an 

Olympus DP71 digital video-camera and processed using the cellA software from the 

manufacturer. For studies which required temperature control, a Linkam TMHS 600 

heating stage controlled by a TP94 unit was also used. 

 

 

2.2.4 Electron Microscopy 

 

Catanionic mixtures such as those studied in paper IV exhibit a rich polymorphic 

behavior, with the formation of micelles, liposomes and other lyotropic mesophases. 

The complexity of these systems immediately suggests that they cannot be 

characterized by VELM alone, but rather by a combination of other microscopic 

techniques namely, Cryo-TEM and Cryo-SEM. 

 

The visualization of structural details smaller than the resolution limit of the light 

microscope can be done by means of electron microscopy. Here, the limiting condition 

of visible light wavelength is overcome by the use of electrons to visualize the 

samples.  

 

This technique operates in two distinct modes, transmission (TEM – Transmisson 

Electron Microscopy) and scanning (SEM – Scanning Electron Microscopy). Both 

systems work using an electron beam which is focused by various lenses onto the 

sample surface. Electrons are scattered in two ways: some of them change their path, 

whilst others will collide and displace the electrons around the nuclei of atoms in the 

sample. The electrons are then focused and magnified by a system of magnetic  
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lenses to produce a project image.20 In figure 2.7 can be seen a schematic 

representation of TEM (A) and SEM (B) electron microscopes. 

 

 Cryo-Transmission electron microscopy (TEM) 

 

Transmission electron microscopy (TEM) involves the transmission of an electron 

beam through a sample in a high-vacuum environment. The images and their 

associated contrasts arise from local differences in electron densities in such sample. 

Due to the high vacuum conditions inside microscope chamber (pressure lower than 

10-5 Pa), a fixation technique has to be applied to fluid samples. In the cryo-technique, 

this is done by ultra-fast cooling of the liquid sample using liquid ethane. This process 

is termed specimen vitrification. The procedure for sample preparation can be found in 

several references and is briefly reviewed here.16, 21-23 

 

The sample is placed in a controlled environment vitrification chamber, where the 

temperature is accurately controlled and relative humidity is kept close to saturation to 

prevent dehydration of the samples. A small drop is put on the carbon-coated holey 

film supported by the TEM cooper grid. The excess of solution is blotted away by 

pressing a filter paper to the grid, creating a thin liquid film that spans the holes of the 

carbon film (thickness < 0.3 m). The grid is then plunged into liquid ethane at its 

melting temperature (< -88 ºC). The frozen sample is transferred under liquid nitrogen 

to the TEM where it is kept bellow -175ºC in cold stage. 

 

Cryo-TEM has been extensively used to obtain direct high resolution images of 

surfactant aggregates such as micelles of different shape (spheroidal, wormlike, dislike 

and cylindrical) and liposomes; some of these aggregates are shown in fig. 2.7 A.23-26 

Cryo-TEM is clearly the technique of choice when detailed structural information is 

desired; however, it cannot be used exclusively to characterize a given sample.16 This 

is because the sample preparation procedure cause a segregation of the aggregates 

based on size. During the blotting process large aggregates are excluded from the 

polymer hole, due to size limitations. The blotting procedure may also induce changes  

in the aggregate shape if not properly used. Another situation that compromises the 

assessment of the size of the aggregates is the use of under-focus. 
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Under-focusing enhances contrast but at same time it over estimates the size of 

aggregates smaller than 4nm. Thus, Cryo-TEM has a resolution of ca. 5 to 500 nm and 

should be best applied to low-viscosity solutions. 

 

 

Figure 2.7 Schematic diagrams of electron microscopies: A – TEM and B – SEM. Self-assembly in the 16Ser-rich 

solutions of the 16Ser/8-8Ser/water system as obtained by Cryo TEM (A1-A3) or Cryo SEM (B1); A1 and B1- 

liposomes, A2 - elongated micelles and A3 – spheroidal micelles. 

 

Equipment: 

The samples in this work were imaged in a FEI Tecnai 12 G2 TWIN TEM transmission 

electron microscope, equipped with a cold sage unit, model 626 from Gatan Inc. The 

images were recorded by a Gatan 794 CCD camera and analyzed by Digital 

Micrograph 3.6 software. 

 

 Cryo-Scanning electron microscopy (SEM) 
 

Scanning electron microscopy (SEM) is another valuable electron microscopy 

technique for the visualization of the microstructural characteristics of solid objects, 

with a resolution of ca. 100 nm. SEM can also be used to obtain compositional 

information of nanomaterials by coupling an electron diffraction X-ray scattering 

detector. In a typical SEM experiment, an electron beam is focused to obtain a very  
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fine spot size that is rastered over the surface, and an appropriate detector collects the 

electrons (secondary electrons) emitted from each point. In this way, an image having 

a great field depth and a remarkable three-dimensional appearance (B1 micrograph in 

figure 2.7 B) is built up line by line.  

 

In the particular case of cryo-SEM, aqueous or other solvent-containing samples can 

be visualized due to their stability under vacuum conditions. Prior to visualization the 

samples should be vitrified and then fractured and partially sublimated, in order to 

show bulk structural details. Before being imaged, the sample is usually sputter-coated 

with a conducting film (e.g. gold) to enhance electron conductivity and, thus, improve 

image contrast.27  

 

Procedure and equipment:  

The sample imaging was done using a JEOLJSM 6301F high resolution scanning 

electron microscope, equipped with a Gatan Alto 2500 preparation chamber. The 

sample is placed in a copper sample-holder and vitrified by plunging into liquid- 

-nitrogen slush from room temperature (20-25ºC). Samples were subsequently freeze-

fractured at -180ºC, etched for 120s at -90ºC and sputtered with gold (40s) in the cryo-

preparation chamber before being transferred into the electron microscope. 

 

 

2.2.5 Dynamic light scattering 

 

Dynamic light scattering (DLS), which is also called quasi-elastic light scattering 

(QELS) or photon correlation spectroscopy (PCS), is a widely used technique for the 

determination of the dynamics and of the sizes of colloidal systems. Size information 

obtained in this way is usually interpreted assuming that the colloidal aggregates (such 

as micelles, liposomes or emulsion droplets) are spherical.28 
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Figure 2.8 Sketch of dynamic light scattering system. A) Back scattering detection and B) Classical arrangement. 

 

In a typical DLS setup (figure 2.8) the sample is illuminated by a laser beam, typically 

He-Ne or Ar laser. The light scattered by the particles in the sample is detected at an 

angle θ with respect to the incident beam. Since, particles in solution are in continuous 

Brownian motion, the observed intensity will fluctuate as function of the time; timescale 

in DLS measurements is typically in the range of microseconds.29 An autocorrelator 

analyzes these intensity fluctuations and generates, in turn, an autocorrelation 

function, g
 (), which enables the determination of the diffusion coefficient (D) of the 

particles. (monodisperse particles):                                    

    2Dqg   exp           (2.12) 

where 
2

4

0






sin

n
q   is the scattering vector, which is a function of the solvent refractive 

index, n, the wavelength of the incident beam λ0, and the scattering angle θ. 

 

For polydisperse particles, the autocorrelation function is the sum of contributions from 

the various particles sizes and diffusion modes, and the interpretation of D is less 

straightforward.29, 30  

 

The diffusion coefficient, D, is obtained from the correlation function by using various 

algorithms; probably the best known are the cumulant method and CONTIN. 

Cumulants uses a monoexponential correlogram fit to get information about an 

average D (z-average diameter) and estimate of the width of the distribution  
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(polydispersity index, PDI), while CONTIN uses a multiexponential correlegram fit to 

assess the D distribution.29, 31 

 

The hydrodynamic radius of the particle, Rh, is easily calculated from D through the 

Stokes-Einstein equation:  

h

B

R

Tk
D

  6
            (2.13) 

here, kB is the Boltzmann constant, η the solvent viscosity and T is the absolute 

temperature. 

 

DLS measurements performed in this work (papers IV and V) were done in Zetasizer 

Nano ZS from Malvern Instruments. This equipment measures the scattering 

information at 173ºC.  This is known as back scattering detection. When compared to 

the classical arrangement (θ = 90ºC) the backscatter mode presents several 

advantages:32 

(i) the laser does not have to pass through the entire sample. This reduces the 

multiple scattering effects, where light from one particle is itself scattered by  

other particles. Moreover, as the light passes through a shorter path length of 

the sample, then higher concentrations of sample can be measured. 

(ii) contaminants such as dust particles within the dispersant are typically large 

compared to the sample size. Large particles mainly scatter in the forward 

direction. Therefore, by measuring the backscatter, the effect of dust is greatly 

reduced. 

 

 DLS: measuring the zeta-potential 

 

The presence of net charge at the particle surface affects the distribution of ions in the 

surrounding, thus forming an electrical double layer around each particle.31 This layer 

encompasses an inner region called the Stern layer, where the ions are strongly bound  

to the surface of the particle and an outer diffuse region, where the ions are less firmly 

attached to the surface (figure 2.9). As the particle moves (due to Brownian motion or 

due to an applied force), a distinction is created between ions within the boundary that  
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move with the particle and the ions that remain with the bulk dispersant. The potential 

that exists at this “slipping plane” boundary is called zeta potential (ζ-potential).33  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.9 Schematic representation of the double layer that surrounds a particle in aqueous media. Adapted from 

Freire et al.
33

 

 

When an electric field is applied across an electrolyte, charged particles suspended in 

the electrolyte are attracted towards the electrode of opposite charge. Viscous forces 

acting on the particles tend to oppose this movement. When equilibrium is reached 

between these two opposing forces, the particles move with constant velocity. The 

velocity of a particle in an electric field is commonly referred to as its electrophoretic 

mobility. 

 

The electrophoretic mobility can be measured by laser Doppler velocimetry in Zeta-

sizer devices, in which particle velocity is related to the frequency measured by 

intensity fluctuation of the scattered light. Using the Henry’s equation it is possible to 

calculate the ζ-potential of the particle:31,33 

 




3

2 kafz
UE

  
          (2.14) 

where z is the ζ-potential, UE the electrophoretic mobility and f(ka) the Henry’s 

function. The value of this function is 1.5 when particles are suspended in aqueous 
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solution (Smoluchowski approximation) and 1 for nonaqueous media (Huckel 

approximation). 

The value of the zeta potential gives an indication of the potential stability of the 

colloidal system. If all the particles in suspension have a large negative or positive  

ζ-potential they will tend to repel each other and there is no tendency to flocculate. 

However, if the particles have low zeta potential values then there is no force to 

prevent the particles coming together and flocculating. The general dividing line 

between stable and unstable suspensions is generally taken at either +30 mV or-30 

mV. Particles with |ζ-potentials| > 30 mV are considered stable.32 

 

Procedure and Equipment:  

Zeta potential measurements were employed to characterize the electrostatic potential 

near the surface of the catanionic micelles and liposomes (paper IV) or lipoplexes 

(paper V).  All the measurements were performed in a Zetasizer Nano ZS from 

Malvern Instruments. A 4mWHe-Ne laser (633 nm) was used with a fixed 173º (particle 

size) or 17º (), zeta-potential) scattering angle. One milliliter of the sample was 

transferred to a disposable sizing cuvette or U-shaped -potential cuvettes (Malvern 

Instruments) and 2 minutes were allowed for the sample to reach thermal equilibrium. 

The Malvern’s Dispersion Technology Software (DTS) was used for data processing.  
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CHAPTER 3 

RESULTS AND DISCUSSION 

 

 

 

 

Most of the results obtained in this work have been already published. After a brief 

summary the papers are presented. 

 

 

3.1 SUMMARY OF PAPERS 

 

 

PAPER I  

The interfacial properties of the three series of single-chained surfactants, previously 

synthesized, are presented in this paper. The compounds comprise cationic molecules 

with serine (nSerTFA) and tyrosine (nTyrTFA) headgroups and anionic ones based on 

4-hydroxyproline (nHypK), with varying alkyl chains (n = 12, 14, 16 and 18). The critical 

micelle concentration (cmc), the surface tension at the cmc (γcmc) and the surface area 

per surfactant headgroup (as) for the different surfactants were determined by surface 

tension, while Krafft temperatures (θKr) were determined by differential scanning 

microcalorimetry. The results obtained are discussed in terms of the headgroup and 

alkyl chain length effects on micellization, and compared with those reported in the 

literature for the homologous conventional surfactants (quaternary ammonium salts, 

alkylsulphates and alkylcarboxylates) and for other amino acid-derived amphiphiles. 

Several conclusions can be withdrawn. (i) The Krafft temperature of the surfactants is  
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within expected values for the respective alkyl chain length. (ii) Their cmc values are  

without exception lower than those observed for the conventional surfactants. For the 

cationic amphiphiles, the values of cmc are 4 to 5 times lower, whereas for the anionic 

compounds the cmc values are 1 to 2 orders of magnitude lower. As expected, the 

cmc of all the surfactants decreases with increasing alkyl chain length due to the 

increasingly large contribution of the hydrophobic effect to the micellization process. 

Furthermore, a linear dependence of the logarithm of cmc with the alkyl chain length is 

found for the three series of surfactants. (iii) The surface tension values at the cmc 

plateau of the new surfactants, another measure of interfacial effectiveness, are, in 

general, lower than those observed for the conventional homologues. Overall, these 

results indicate good interfacial performance levels for the new compounds. 

For the 18-carbon serine-derived surfactant the effects of counterion and of the 

presence of a cis-double bond have been investigated. It has been observed that 

counterion change from trifluoroacetate ion (18SerTFA) to iodide ion (18SerI) causes a 

relative large increase (≈ 6ºC) in Krafft temperature from about 47 to 53ºC, whereas 

the presence of the cis-double bond in the 18∆9SerI decreases significantly θKr, with 

the compound being soluble at room temperature. In what concerns to cmc values, the 

unsaturated derivative has a cmc value, 0.17 mmol·kg-1, that is 4-5 times higher than 

the saturated ones, 0.053 mmol·kg-1 for 18SerTFA and 0.035 mmol·kg-1 for 18SerI. 

The main results obtained in this work are summarized in the table 3.1. 
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Table 3.1 Interfacial parameters for serine-, tyrosine and 4-hydroxyproline-based surfactants. 

Surfactant TKr /ºC cmc / mmol·kg-1 γcmc / mN·m-1 as / nm2 

S
e
ri

n
e

 

d
e
ri

v
a
ti

v
e
s

 

12SerTFAc < r.t. 1.87 29.2 0.46 

14SerTFAc 25.7 1.16 33.0 0.56 

16SerTFAc 31.2 0.338 34.7 0.63 

18SerTFAc 46.7 0.053 34.3 0.71 

18SerI 52.9 0.035 28.4 1.0 

18∆9SerI < r.t. 0.17 31.0 0.70 

T
y
ro

s
in

e
 

d
e
ri

v
a
ti

v
e
s

 12TyrTFAc < r. t. 1.48 33.0 0.70 

14TryTFAc 24.9 2.05 35.9 0.78 

16TryTFAc 28.7 0.493 38.2 0.81 

4
 -

 h
y
d

ro
x

y
p

ro
li
n

e
 

d
e
rv

a
ti

v
e
s

 K12Hyp < r.t. 2.79 34.2 0.29 

K14Hyp < r.t. 0.173 36.2 0.39 

K16Hyp < r.t. 0.0119 36.5 0.49 

 

 

 

PAPER II  

Gemini surfactants are known to display enhanced physicochemical properties when 

compared to the corresponding monomeric counterparts. Based on this premise, the 

challenge of the work reported in paper II was to synthesize a novel class of serine-

based gemini surfactants with similar structure to the conventional bis-quats, 

compounds that possess quaternized N atoms linked to the spacers and to the long 

alkyl chains through N-alkyl linkages. The most efficient methodology for the synthesis 

of the proposed gemini surfactants was established and involves the introduction of 

the spacers into the monomeric precursors, N-alkyl derivatives, by reductive amination  
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of dialdehydes, followed by methylation and deprotection. Compounds with alkyl  

chains and/or spacers of different length were synthesized in order to evaluate the 

influence of these two parameters on the physicochemical and toxicological properties 

of the surfactanst. For an initial assessment of their interfacial performance, their basic 

physicochemical properties in aqueous solution, e.g. the cmc, γcmc and degree of 

micellar ionization (α), were determined by tensiometry and/or conductimetry. Table 

3.2 compiles the measured and calculated interfacial parameters for all amphiphiles. 

Values for the serine-based monomeric surfactants, 12SerTFA and 14SerTFA, and for 

the homologous conventional gemini surfactants (bis-quats) are also listed for 

comparison.  

 

Table 3.2. Interfacial parameters for the serine-based bis-quats gemini compounds and other relevant surfactants, at 

25ºC (unless otherwise state). 

Surfactants TKr / ºC cmc /mmol·kg-1 γcmc /mN·m2 α 

Serine  

bis-quats 

(12Ser)2N5 < r.t. 0.32 34.7 0.57 

(12Ser)2N10 < r.t. 0.067 35.1 0.74 

(12Ser)2N12 < r.t. 0.082 35.4 0.63 

(14Ser)2N5 < r.t. 0.042 34.8 0.83 

(16Ser)2N5 < r.t. 0.015 n/a 0.75 

 

Serine-based 

monomeric 

surfactants 

12SerTFAc < r.t. 1.87 29.2 0.28 

14SerTFAc 25.7 1.16 33.0 n/a 

Conventional 

bis-quats 

12-5-12 < r.t. 0.87 39.4 0.29 

12-10-12 < r.t. 0.32 43.0 0.54 

14-5-14 < r.t. 0.15 n/a 0.36 

16-5-16 < r.t. 0.038 44.0 0.40 

 

As would be expected, the cmc values of the serine-based gemini surfactants 

decrease, with increasing alkyl chain length due the increasing hydrophobicity of the 

surfactants. The influence of the spacer length is also notable, although no linear trend 

could be established: the surfactant with a 5-carbon spacer [(12Ser)2N5], has a cmc of 

0.32 mmol·kg-1, a value that is  four to five times the values observed for the surfactant  
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with a 12 carbon spacer [(12Ser)2N12; cmc = 0.082 mmol·kg-1] or a 10-carbon spacer 

[(12Ser)2N10; cmc = 0.067 mmol·kg-1], respectively. 

All the serine-based gemini surfactants studied are soluble at room temperature which 

is an essential aspect for many potential practical applications. Relative to the 

conventional bis-quats, these novel gemini surfactants display enhanced performance, 

because they have: (i) lower cmc values (3-5 times), (ii) lower values for γcmc and (iii) 

increased micellar ionization. Moreover, when compared with the corresponding 

monomeric analogues, the serine bis-quats present much lower cmc values; for 

example the C14 derivate has a cmc value 27 times lower than the monomeric C14 

analogue. Overall, these results point to good interfacial performance by the novel 

compounds.  

 

 

 

PAPER III  

Part of the results shown in this paper derived from a collaboration with the Center for 

Neurociences and Cell Biology (Molecular Biotechnology and Health – Vectors and 

Gene Therapy, University of Coimbra), specialized in gene delivery studies. 

 

The good results obtained with the first family of serine-based gemini surfactants 

(amine series) prompted us to diversify the headgroup structure by changing the 

position of the spacer in order to investigate the resulting effects on the profile of the 

surfactants. In this paper, the synthesis and evaluation of the physicochemical and 

toxicological properties of two novel families of serine-based gemini surfactants, in 

which the spacers were introduced between the carboxylic acid groups of two amino 

acids through amide or ester bonds, are presented.The most efficient synthetic 

pathway was established; it involves the introduction of the spacers into the 

corresponding N,N-dialkylated monomeric precursors by peptide condensation 

methods with diamines or diols, followed by methylation and deprotection to yield the 

final target surfactants. Compounds with different spacer lengths were synthesized, 

and a comparative study of the interfacial and cytotoxic profiles of the amide, ester and 

the previously synthesized amine series was performed. 
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Within the three different series (amide, ester and amine), given that the aggregation 

process is controlled by the hydrophobic effect, for compounds with the same alkyl 

chain length the cmc is not expected to be significantly affected by the specific nature 

of the spacer linkage This is what is generally found; for example, surfactant 

(12Ser)2COO5 presents the lowest cmc (0.26 mmol.kg-1), but this value is only 1.6 and 

1.1 times smaller than the cmc of (12Ser)2CON5 (0.40 mmol.kg-1) and (12Ser)2N5 

(0.28 mmol.kg-1), respectively. Moreover, considering the amide and ester series, no 

particular cmc trend is observed when m increases from 2 to 5. 

However, a significant difference in solution behavior occurs for compounds with the 

12-methylene spacer: while (12Ser)2N12 forms micelles in solution (with cmc = 0.077 

mmol.kg-1), (12Ser)2CON12 and (12Ser)2COO12 form mutilamellar vesicles, a self-

assembling behavior which is fundamentally different from that of the shorter spacer 

compounds of the corresponding families.  

Table 3.3 Serine-based gemini surfactant concentration necessary to promote 50% toxicity in cultured HeLa cells 

(TC50). 

 

 

 

 

 

 

 

 

 

 

 

 

The cytotoxicity’s of the serine-based gemini surfactants synthesized were also 

evaluated, by the colorimetric Alamar blue assay. The in vitro studies with HeLa cells 

show that these surfactants also exhibit lower cytotoxic than conventional bis-quats 

and monomeric homologues, an important aspect envisaging potential biological 

applications (table 3.3). Here, surfactant chain length and type of spacer linkage (in  

 

Surfactants 
TC50/ M 

24 h 

amine series 

(12Ser)2N5 253 

(14Ser)2N5 40.2 

(16Ser)2N5 7.65 

(18Ser)2N5 15.7 

amide series (12Ser)2CON5 15.2 

ester series (12Ser)2COO5 19.5 

conventional  
bis-quat 

12-5-12 
 

6.83 x 10
-3 

 

monomeric 
12SerTFAc 10.3 

DTAB 177.0 
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particular its proneness to cleavage) have a marked influence on the cytotoxicity 

profile exhibited by the serine-based gemini compounds.  

 

 

 

PAPER IV 

The peculiar behavior observed for the serine-based gemini surfactants (amide and 

ester series) with a 12-carbon spacer led us to investigate their potential as DNA 

compaction agents; for comparison purposes the micelle-forming gemini amine 

derivate was also studied. The results obtained are reported in manuscript IV. 

Prior to DNA compaction studies, the solution behavior of the surfactants was studied 

by a multi-technique procedure. DLS and VELM studies allowed the characterization of 

vesicles in terms of size, zeta-potential and stability. The samples were observed to be 

polydisperse, with vesicle sizes in the range of 100 nm to several m, and Cryo-SEM 

images showed the present of both unilamellar and multilamellar vesicles. 

The interaction/compaction of the aggregates with DNA, at different charge ratios and 

in presence/absence of helper lipid (DOPE), were studied by dynamic light scattering 

and  fluorescence microscopy. All the compounds were shown to efficiently compact 

DNA (α > 90 %), despite the differences observed in terms of size, zeta potential and 

stability of the lipoplexes formed. The results obtained clearly show that these new 

surfactants are promising and versatile vehicles for DNA in non-viral gene therapy. 

 

 

 

PAPER V 

Vesicles can be formed in single-surfactant systems, mixed surfactant/lipid systems or 

catanionic surfactant mixtures. Lipid-based vesicles (liposomes) are known to suffer 

from poor chemical and colloidal long-time stability. Catanionic vesicles, on the other 

hand, possess several advantageous features, such as enhanced chemical and 

colloidal stability, as well as the possibility of charge control. This paper reports the 

phase behavior and microstructure of serine-based catanionic mixtures composed by 

single-chained cationic (C12, C16) and double-chained anionic (C8-8, C12-12)  
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surfactants. Phase maps for the C12/C12-12, C12/C8-8 and C16/C8-8 mixtures are 

available, where regions of vesicle formation can be identified. Characterization of 

aggregate morphology, zeta potential and stability as a function of the cationic/anionic 

surfactant mixing ratio and total surfactant concentration, has been performed by DSC, 

tensiometry, DLS, cryo-SEM and cryo-TEM. For the two systems, vesicle regions were 

found in the cationic- and anionic-rich side. In the cationic-rich side, this occurred for 

the composition ranges of 0.43 < x16Ser < 0.70 and 0.67 < x12Ser < 0.80 in the 16Ser/K8-

8Ser and 12Ser/K12-12Ser, respectively, where xi represent the molar fraction of the 

cationic surfactant i in the mixture. The vesicles formed by 16Ser/K8-8Ser system are 

spherical and single-walled, showing no defects and having a slightly broader size 

distribution, with an average radius, r, of 100 nm. In the symmetric system  

(12Ser/K12-12Ser), VELM and DLS show the presence of multilamellar (r > 4 m) and 

unilamellar (r ≈ 300 nm) vesicles. For an excess of anionic surfactant, turbid 

dispersions were observed in both systems, presenting vesicles and multilamellar 

structures; however, for the 12Ser/K12-12Ser system these vesicular dispersions 

coexist with crystallites. Through rational design and rigorous multitechnique 

characterization, this study confirmed the possibility of forming both cationic and 

anionic vesicles based on surfactants derived from the same amino acid. 



 

 

 

3.2 PAPERS I-V 
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a b s t r a c t

Amino acid-derived surfactants have increasingly become a viable biofriendly alternative to petrochem-
ically based amphiphiles as speciality surfactants. Herein, the Krafft temperatures and critical micelle
concentrations (cmc) of three series of novel amino acid-derived surfactants have been determined by
differential scanning microcalorimetry and surface tension measurements, respectively. The compounds
comprise cationic molecules based on serine and tyrosine headgroups and anionic ones based on 4-
hydroxyproline headgroups, with varying chain lengths. A linear dependence of the logarithm of cmc on
chain length is found for all series, and in comparison to conventional ionic surfactants of equal chain
length, the new amphiphiles present lower cmc and lower surface tension at the cmc. These observations
highlight their enhanced interfacial performance. For the 18-carbon serine-derived surfactant the effects
of counterion change and of the presence of a cis-double bond in the alkyl chain have also been investi-
gated. The overall results are discussed in terms of headgroup and alkyl chain effects on micellization, in
the light of available data for conventional surfactants and other types of amino acid-based amphiphiles
reported in the literature.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

The growing need and use of biofriendly surfactants in formula-
tions for in vivo application have turned amino acids into excellent
molecules for modification and conversion into amphiphiles [1–6].
In addition to these applications, the extensive use of surfactants
in both household and industrial products causes their presence
in the environment to be of growing concern and thus requires the
search for ever “greener” amphiphiles. The synthesis of amino acid-
derived surfactants that mimic naturally occurring lipoamino acids
has provided molecules with lower toxicity and irritancy towards
living organisms [7–11] as well as higher biodegradability in the
environment [3,12] when compared to conventional surfactants
(e.g. quaternary ammonium surfactants). It has also been observed
that in general these new molecules possess antimicrobial and
antiviral activity [10,12].

In addition to the enhanced biocompatibility and typically good
interfacial performance, amino acid-based surfactants may present
per se interesting self-assembly and phase behavior in concentrated
systems. Such bulk behavior features include the formation of var-
ious types of thermotropic liquid crystalline phases in anhydrous

∗ Corresponding author. Tel.: +351 220402535; fax: +351 220402559.
E-mail address: efmarque@fc.up.pt (E.F. Marques).

form [13] and the ability to spontaneously form liposomes in aque-
ous mixtures with other amphiphiles [13–16]. Moreover they can
self-assemble into a rich variety of complex supramolecular struc-
tures such as helical and twisted ribbons and tubules [6,17,18] (as a
consequence inter alia of hydrogen bonding and chirality), and they
can act as low-molecular-weight gelators [19]. Another relevant
feature that has been more recently investigated is their biomedical
potential as cationic surfactants in non-viral gene delivery formu-
lations [20,21]. Thus, the basic characterization of the aggregation
properties of newly synthesized compounds is of utmost relevance,
prior to their application in further aggregation studies at higher
concentration or in mixtures with other co-solutes.

With respect to molecular design, the amino acid-based archi-
tecture allows the building of multiple structures for the surfactant
molecules, since alkyl chains can be incorporated in the amino [5]
or in the carboxylic group [22], or even at the end of the amino
acid side chain [23]. Moreover, by introducing different numbers of
alkyl chains, either single-chained [24], double-chained [23], gem-
ini (dimeric) [25] or bolaform [22] surfactants, among others, can
be produced.

In this paper, we report studies on the basic micellization prop-
erties of novel single-chained surfactants based on serine (Ser),
tyrosine (Tyr) and 4-hydroxyproline (Hyp), with different chain
lengths, and discuss their interfacial performance in the light of
reported data for other ionic amphiphiles both of conventional or

0927-7765/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.colsurfb.2011.03.017

dx.doi.org/10.1016/j.colsurfb.2011.03.017
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Fig. 1. Synthesis of serine-derived (10–11) and tyrosine-derived (12) cationic surfactants.

amino acid origin. We further examine the influence of counterion
change and of the presence of a double-bond in the alkyl chain, for
a Ser-derived surfactant.

2. Experimental

2.1. Materials and synthesis

The surfactants dodecyltrimethylammonium bromide (DTAB)
and sodium dodecylsulphate (NaDS), used as reference com-
pounds in this work, were both purchased from Sigma (both with
purity better than 99%); NaDS was twice recrystallized from a
water-ethanol mixture prior to cmc determination. The monomeric
cationic serine- (10, 11) and tyrosine-based (12) and the anionic 4-
hydroxyproline-based surfactants (15) were prepared on the basis
of procedures, and variations thereof, recently developed in our
laboratories [26] that will be briefly reviewed here (Figs. 1 and 2).
The most efficient methodology for the synthesis of the proposed
cationic surfactants consists in the introduction of the alkyl chains
into the O-tert-butyl-protected amino acid methyl esters (1, 2) by
reductive amination of “fatty” aldehydes (4), followed by methyla-
tion and removal of the tert-butyl group using trifluoroacetic acid
(TFA). However, with unsaturated fatty aldehydes (4e) the use of
TFA must be avoided. Therefore, for the obtention of the oleiyl
derivative (10e), the non-protected amino acid ester (3) was used as
starting material yielding the corresponding unsaturated cationic

surfactant as iodide (10e) instead of trifluoroacetate (Fig. 1). Fur-
thermore, the C18 saturated iodide (10d) was also synthesized, in
order to probe the effects of alkyl chain unsaturation and counte-
rion change on the cmc.

In what concerns the 4-hydroxyproline derivatives (Fig. 2),
introduction of the alkyl chains by reductive amination, followed
by saponification using KOH/MeOH led to the desired anionic sur-
factants (15) in good overall yields (ca. 60%).

The structure of all the synthesized surfactants was confirmed
by 1H and 13C NMR spectroscopy and by mass spectroscopy (cf. sup-
porting information). Moreover, from the surface tension curves in
Figs. 4 and 5, which do not show wells near the cmc, it is assumed
that surface-active impurities are either absent or present only in
vestigial amount.

2.2. Interfacial studies

The Krafft temperatures, �Kr, of the surfactants were determined
by differential scanning microcalorimetry (DSC) using a Setaram
microDSCIII, at a 0.5 K min−1 rate.

The surface tension of the aqueous solutions was measured
with a Dataphysics DCAT11 tensiometer using the Wilhelmy plate
method. Successive aliquots of a surfactant stock solution, freshly
prepared in Millipore water, were added to a thermostated ves-
sel with a known volume of dilute solution. The surface tension
value in each individual measurement was allowed to vary only

Fig. 2. Synthesis of 4-hydroxyproline-derived anionic surfactants (15).
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Fig. 3. Representative DSC thermogram scan of a 0.5 wt% aqueous dispersion of
surfactant (16SerTFAc, in this case) showing the endothermic peak associated with
dissolution, and from which the Krafft temperature was determined (as the onset
temperature).

0.005 mN m−1. Between surfactant additions, the solution was
stirred for 1.5 min and given a 2.5 min equilibration time.

The specific conductivity, �, was measured with a WTM Inolab
740 conductivity meter calibrated with a 1.00 × 10−2 mol kg−1 KCl
aqueous solution. The cell constant measured was 0.473 cm−1. For
the measurements, successive aliquots of a concentrated solution
of surfactant were progressively added to a thermostated vessel
with a known volume of solution under constant stirring.

3. Results and discussion

3.1. Headgroup chemistry and chain length effects

DSC scans were initially performed on aqueous dispersions of
the surfactants (0.5 wt%), as illustrated for the case of 16SerTFAc in
Fig. 3. �Kr was taken as the onset temperature of the endothermic
peak associated with surfactant dissolution.

It can be seen that except for 16SerTFAc and 18SerTFAc, all the
compounds have �Kr below or near room temperature (Table 1).
The critical micellar concentrations (cmc), surface tension at the
cmc (�cmc), and surface area per molecule (as) for the differ-
ent surfactants were then determined by surface tension, above
the corresponding �Kr, as shown in Fig. 4 (for Ser- and Tyr-
based amphiphiles) and Fig. 5 (for Hyp-based ones). The cmc
value was determined from the break point in the surface ten-
sion curves. Table 1 compiles the measured interfacial properties
for all the amphiphiles, at the indicated temperatures. For the
anionic Hyp-based surfactants, which contain a carboxylate group,
the cmc determinations were carried out in alkaline solutions at
pH = 12.0 ± 0.2 (adjusted with NaOH 0.010 mol dm−3), in order to
limit the extent of protonation of the carboxylate group and thus
avoid precipitation of the insoluble acidic form of the amphiphile.

As expected, the cmc of all the surfactants decreases with
increasing alkyl chain length due to the gradually stronger con-
tribution of the hydrophobic effect term to the Gibbs energy of
micellization. Furthermore, the three surfactant series show a lin-
ear dependence of the log cmc with chain length, as shown in
Fig. 6. This behavior is in agreement with that usually found for
conventional ionic surfactants [27], as shown also in Fig. 6, and
for arginine-derived amphiphiles [12]. It should be noted that
the linear fits rely on some cmc values determined at different
temperatures. However, because the cmc has in general a very
weak dependence on temperature for ionic surfactants – often
described by a parabolic curve with a minimum around r.t. [27]
– such differences have a negligible effect on the fits. Novel sur-

Fig. 4. Surface tension vs. logarithm of concentration curves for the cationic sur-
factants: (a) serine-derived compounds, at 35 ◦C except for 18SerTFAc, at 48 ◦C and
(b) tyrosine-derived surfactants, at 40 ◦C; for comparison, the curve for DTAB is also
shown.

factants with various amino acid-based headgroups studied by
Ohta et al. also present cmcs that are only very weakly dependent
on temperature [2]. Significantly, Fig. 6 also reveals that the new
amphiphiles possess lower cmcs, typically by a 4–5-fold factor, than
conventional surfactants of corresponding chain lengths namely
N-alkyltrimethylammonium bromides, sodium N-alkylsulphates
and sodium N-alkylcarboxylates (values from [27] and references
therein cited). The obtained slopes of the linear fits for Ser- and
Tyr-derivatives are −0.28 and −0.39, respectively, in line with
those of conventional ionic surfactants (−0.3 to −0.4), meaning

Fig. 5. Surface tension vs. logarithm of concentration curves for the anionic 4-
hydroxyproline-derived surfactants. All measurements are at 25 ◦C; for comparison
the curve for NaDS is also shown.
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Table 1
Interfacial parameters for the amino acid-derived surfactants.

Surfactant �Kr /◦C � /◦C cmc /mmol kg−1 �cmc /mN m−1 as /nm2

12SerTFAc <r.t. 25.0
35.0

1.87
2.31

29.2
30.0

0.46
0.48

14SerTFAc 25.7 35.0 1.16 33.0 0.56
16SerTFAc 31.2 35.0 0.338 34.7 0.63
18SerTFAc 46.7 48.0 0.049 34.3 0.71
12TyrTFAc <r.t. 25.0

40.0
1.48
2.05

33.0
31.9

0.70
0.67

14TyrTFAc 24.9 40.0 0.493 35.9 0.78
16TyrTFAc 28.7 40.0 0.143 38.2 0.81
K12Hyp <r.t. 25.0 2.79 34.2 0.29
K14Hyp <r.t. 25.0 0.173 36.2 0.39
K16Hyp <r.t. 25.0 0.0119 36.5 0.49

The measurement temperature � is always above �Kr. The typical uncertainty is ±2% for the cmc and ±4% for as . r.t., room temperature.

roughly a 3-fold decrease in cmc per CH2 group added. A steeper
decrease is observed for the Hyp-derived amphiphiles (−0.59) and,
in particular, these cmcs are 1–2 orders of magnitude lower than
those of the homologous sodium N-alkylcarboxylates. One possi-
ble explanation for this effect is the presence of the pyrrol ring
in the headgroup. If the ring region tends to reside essentially at
the micellar interface that makes the interfacial term of the Gibbs
energy of micellization less unfavorable. This same effect is also
likely to occur for the Tyr-derived surfactants owing to the aromatic
ring, but in this case slightly weakened due to the higher bulk-
iness of the headgroup (unfavorable headgroup packing). Indeed
when an aromatic ring is present closer to the hydrophobic chain,
as is the case of the valyne-derived surfactants studied by Mohanty
and Dey there is a significant lowering of the cmc with respect
to a conventional homologue [16]. The surface tension values at
cmc (�cmc), another parameter often used as indicator of the inter-
facial efficiency, also are in general better (i.e. lower) than for
the conventional homologues. For instance, DTAB and NaDS show,
respectively, �cmc values of 39.0 and 37.0 mN m−1, while 12SerT-
FAc, 12TyrTFAc and K12Hyp show, respectively, 29.2, 33.0 and
34.2 mN m−1. These values are comparable or even slightly bet-
ter than those exhibited by other amino acid-based amphiphiles,
namely cystine- [5] and glycine-derivatives [22]. Thus, globally one
can say that these results confirm good interfacial properties for the
three series of surfactants.

The maximum surface excess concentration, � max, and mini-
mum surface area per surfactant headgroup, as, at the air–solution
interface can be calculated from the surface tension curves (using

Fig. 6. Linear fits for the log cmc vs. chain length plots for the three
series of new surfactants. Also plotted for comparison are the values for the
N-alkyltrimethylammonium bromides, sodium N-alkylsulphates and sodium N-
alkylcarboxylates
(Taken from ref. [27])

the slope near the cmc), according, respectively, to Eqs. (1) and (2):

�max = 1
nRT

{
d�

d ln(m/mo)

}
p,T

(1)

as = 1
NA�max

(2)

where R is the gas constant, T is the absolute temperature, NA
is the Avogadro constant, m is the surfactant molal concentra-
tion (mo = 1 mol kg−1) and n in Eq. (1) is related to the number of
species at the interface. For the monovalent cationic surfactants,
because the surface tension is measured in neat water, n is equal
to 2 (charged amphiphilic ion and respective counterion); for Hyp-
based surfactants n = 1 since NaOH was added to the solution to aid
solubilization [5].

A linear increase of the molecular surface area as with nC is
apparent in all cases (Fig. 7) taking into account the experimen-
tal errors and the number of chain lengths studied. This trend
can be qualitatively understood considering that the cmc lowering
upon chain length increase should bring about – in the absence of
any special intermolecular interactions (e.g. H-bonding) – a lower
density of unimers at the air–solution interface (due to overall
lower unimer solubility) and hence a higher as. A similar trend has
been observed, for example, for single-chained arginine-derived
amphiphiles [3]. We note however that this trend is not always
observed: in fact, homologous series of conventional surfactants
show an opposite and counterintuitive behavior – i.e. an as decrease
with nC (see Ref. [28] for a discussion, and other references therein
cited) – as well as some cystine-derivatives [5]. The somewhat
lower as values for the Hyp-derivatives (Fig. 7 and Table 1) are a
consequence of an electrolyte effect [28] due to the pH adjustment
with NaOH.

Fig. 7. Variation of the molecular surface area (as) with chain length for the amino
acid-derived surfactants.
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Table 2
Interfacial parameters for the C18 serine-derived surfactants.

Surfactant �Kr /◦C � /◦C cmc /mmol kg−1 �cmc mN m−1 as nm2 ˛ �micG◦
m (kJ mol−1) �micG◦

m (kJ mol−1)

18SerTFAc 46.9 55.0 0.053 ± 0.001 32.1 0.57 ± 0.01 0.28 ± 0.01 −46.5 ± 1.0 −63.3 ± 1.2
18SerI 52.9 55.0 0.035 ± 0.001 28.4 1.0 ± 0.1 0.49 ± 0.04 −53.8 ± 2.7 −67.0 ± 2.8
18�9SerI <r.t. 25.0 0.17 ± 0.01 31.0 0.70 ± 0.01 0.30 ± 0.01 −53.5 ± 1.2 −79.9 ± 1.8

3.2. Unsaturation and counterion effects

Because cationic serine-derived surfactants have previously
showed good toxicological results in terms of aquatic toxicity and
hemolytic activity [11], a surfactant from this series was chosen
in order to investigate the effects of counterion change, to a more
common halide ion, and of the presence of a cis-double bond in
the chain. Long chain derivatives entail a more facile synthesis,
they are structurally closely related to the long-chain lipids that
compose biomembranes, and they have potential for subsequent
studies involving the formation of stable catanionic liposomes [29],
or simply as cationic amphiphiles in liposome-based gene delivery
formulations [20,21]. From Table 2 it can be seen that the change
from trifluoroacetate ion (18SerTFA) to iodide (18SerI) causes a rel-
ative large increase (≈6 ◦C) in Krafft temperature from about 47
to 53 ◦C, whereas the presence of a cis-double bond in 18�9SerI
causes a dramatic decrease in �Kr, with the compound being soluble
already at room temperature.

Fig. 8 shows the surface tension for this series of compounds and
Table 2 all the obtained interfacial parameters. The conductivity
plots in Fig. 9 were used to estimate the micellar ionization degree,
˛, obtained as the ratio between the slopes of the post-cmc and
pre-cmc linear fits to the data (Table 2). Even though these plots can
also yield the cmc as the intersection point of the two straight lines,
the cmc values from tensiometry were assumed as more reliable
due to higher sensitivity of the technique (provided that no surface
tension minima are observed around the break point, as is the case
for all compounds).

Thus, the unsaturated compound has a cmc value,
0.17 mmol kg−1, that is 4–5 times higher than the saturated
ones, 0.053 mmol kg−1 for 18SerTFAc and 0.035 mmol kg−1 for the
18SerI. The highest cmc for 18�9Ser can be understood from the
fact that the presence of a kink in the alkyl chains creates larger
chain packing constraints in the micelle core, due to a smaller
number of conformational degrees of freedom. This should act
as an opposing factor towards micellization hence increasing the
unimer solubility, i.e. increasing the cmc. It is curious to note that

Fig. 8. Surface tension vs. logarithm of concentration curves for the n = 18 serine-
derived surfactants: saturated trifluoroacetate (18SerTFA) and iodide (18SerI), and
unsaturated iodide (18�9SerI).

in some glycine-betaine derivatives the same type of unsaturated
chains (C18�9) seems to cause an opposite effect, i.e. a decrease
in cmc. In general, the presence of a chain unsaturation (as well
as chain branching) in a surfactant produces a cmc decrease as
compared to the saturated homologue [27].

With respect to the saturated surfactants, TFAc is a larger and
less polarizable counterion than I−, and thus the former likely
tends to reside on average slightly further away from the micel-
lar Stern layer. This should increase the micelle surface charge
and strengthen electrostatic repulsions, thus explaining the slightly
higher ˛ and the consequently higher cmc. The much lower ion-
ization degree of 18�9SerI probably just reflects the impact of
the much lower temperature of measurement (that causes higher
counterion binding). Worthy of notice is the relatively low �cmc

values shown by both iodide derivatives, highlighting again a good
interfacial performance.

From the ˛ values, the standard molar Gibbs energy of micel-
lization can be calculated according to:

�micG◦
m = (2 − ˛)RT ln xcmc (3)

where ˛ is the degree of counterion dissociation and xcmc is the
cmc expressed in mole fraction. The standard molar Gibbs energy
of adsorption at the air–solution interface can be calculated from
the equation:

�adsG◦
m = �micG◦

m − ˘cmc/�max (4)

where ˘cmc is the surface pressure at the cmc,
˘cmc = �cmc − �o.The trend for �micG◦

m in Table 2 just reflects
the relative thermodynamic drive for micellization of the sur-
factants that has already been discussed (lower cmc implies a
more negative �micGm

◦). It is interesting to note that �micGm
◦

is similar for 18SerI and 18�9Ser due to the opposing effects of
measurement temperature (determined by �Kr) and cmc values.
The �adsG◦

m values follow a similar trend to �micGm
◦. The higher

absolute values of �adsGm
◦ compared to �micGm

◦ reflect a higher
tendency for adsorption at the air–solution interface than for
micellization, in particular for the iodide derivatives.

Fig. 9. Specific conductivity vs. molalility for aqueous solutions of n = 18 serine-
derived surfactants, 18SerTFA, 18SerI and 18�9SerI.
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4. Concluding remarks

The interfacial properties of three series of amino acid-derived
amphiphiles based on serine, tyrosine and 4-hydroxyproline have
been determined. A linear dependence of the log(cmc) with chain
length is observed for all surfactants. Significantly, all the new
molecules show lower cmc values than the corresponding con-
ventional alkylammonium bromides, sodium alkylsulphates and
sodium alkylcarboxylates. For a long chain Ser-derivative, the pres-
ence of a chain unsaturation considerably decreases the Krafft
temperature, increasing the cmc by a 4-fold factor, while the
counterion change from trifluoroacetate to iodide has a relatively
small effect on both the cmc and Krafft temperature of the sur-
factant. Altogether, the results indicate that besides being based
on biofriendly and renewable headgroups, the new surfactants
possess enhanced interfacial properties compared to conventional
surfactants, and even to some other reported amino acid deriva-
tives.
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The synthesis of novel cationic gemini surfactants based on
serine, with long lipophilic alkyl chains and a spacer linked
to the nitrogen atom of the amino acid residue by amine link-
ages, is described. The most efficient synthetic pathway in-
volves introduction of the spacer into the monomeric precur-
sors, N-alkyl derivatives, by reductive amination of dialde-
hydes followed by methylation and deprotection. Characteri-
zation of the basic micellization properties of the new com-

Introduction

Gemini surfactants represent a new generation of com-
pounds composed of two surfactant monomers linked
chemically at or near the head groups by a rigid or flexible
spacer. Although these surfactants are known since 1971,[1]

interest in them experienced a tremendous increase two dec-
ades ago, as a result of the search for novel surfactants with
higher efficiency and better biocompatibility and biode-
gradability profiles.[2–6] Compared to the corresponding
monomeric analogues, gemini surfactants exhibit a number
of unique properties that result from their novel structure:
their critical micelle concentration (cmc) is usually 1 to 2
orders of magnitude lower than that of the corresponding
monomers; they are more efficient at lowering surface or
interfacial tension compared to conventional surfactants;
they present better solubilizing power, better viscoelasticity,
and better gelification ability; and they form a wide variety
of aggregate morphologies depending on their molecular
structure.[7–11] Due to these outstanding properties, gemini
surfactants have a broad range of applications, from cosme-
tic and food formulations, models for membranes and
microreactors, to drug and gene delivery systems, among
others.[12–19]

Concerning the synthesis of gemini surfactants, through
variations in the length of the hydrophobic tail, the head
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pounds was carried out by tensiometry and conductimetry.
These surfactants present enhanced interfacial properties
compared to the monomeric analogues, and show improved
performance, namely lower critical micelle concentration
(cmc), lower surface tension at cmc and increased micellar
ionization, with respect to conventional bis-quaternary am-
monium salts (bis-quats).

group, and the spacer, a wide variety of compounds can be
obtained. Like monomeric surfactants, gemini surfactants
can have positive (ammonium), negative (phosphate, sul-
fate, carboxylate) or nonionic (polyether, sugar) polar head
groups. Among all these classes, cationic surfactants gen-
erally show higher toxicity and are more irritating to eyes
and skin. This presents a severe limitation to their use, espe-
cially in the food and pharmaceutical industries, and de-
spite intense efforts that have been made to overcome this
problem, much remains yet to be done. The use of natural
structural motifs – amino acids, sugars, fatty acids – in the
constitution of the surfactants has contributed significantly
to the improvement of their biological and toxicological
profiles.[3,8,20] Considering, in particular, the use of amino
acids, most studies on the synthesis and biological evalu-
ation of the corresponding gemini surfactants address
arginine derivatives.[8] A few reports on lysine, glycine, and
cystine-based gemini surfactants have also been pub-
lished.[21–24] The arginine-based cationic gemini surfactants
were shown to be less toxic than the corresponding mono-
meric analogues and the conventional bis-quaternary am-
monium salts (bis-quats), and they showed excellent emulsi-
fying properties and strong antimicrobial activity.[3,4] For
lysine-based surfactants, the antimicrobial activity as well
as the hemolytic character have been shown to depend on
the charge density and on the position of the cationic
charge (besides the hydrophobicity), with the single-chained
surfactants being, in general, less hemolytic than the corre-
sponding gemini amphiphiles. However, all the gemini sur-
factants show lower cmc than their monomeric analogues,
because they are overall more hydrophobic and thus able to
self-associate more readily in aqueous environments. Most
of the amino acid-based gemini surfactants so far synthe-
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sized are N-alkylamides and ester derivatives of the amino
acids (N-alkanoyl derivatives, N-alkylamides, and O-alkyl
esters), prepared by condensation reactions at either the
amino (A) or the carboxyl (B) group of the amino acid (see
Figure 1).[3]

Figure 1. Structures of amino acid based surfactants already syn-
thesized.

In the present work, the challenge was to synthesize a
novel class of cationic gemini surfactants derived from ser-
ine, with the long alkyl chains as well as the spacer con-
nected to the amino acid head groups at the nitrogen atom
by an amine linkage (N-alkyl derivatives), introduced by re-
ductive amination. The synthetic methodology relied on
our previous work on monomeric surfactants,[25] and the
compounds obtained are the only amino acid derivatives
that can be considered as real mimics of conventional bis-
quats (Figure 2).

Figure 2. Serine-based bis-quats [(nSer)2Nm]; where n is the alkyl
chain length, Ser refers to the serine residue, subscript 2 identifies
two units of this part (gemini), N is the nitrogen atom where the
spacer was introduced and m is the spacer length.

The nature of the polar headgroup is expected to signifi-
cantly alter the toxicological profile of these novel surfac-
tants. The choice of serine as the amino acid was dictated
by the results obtained in the above mentioned work on
monomeric surfactants. In fact, from the three amino acids
studied (tyrosine, serine, and 4-hydroxyproline), the serine
derivatives showed the best toxicological profile as well as
the most interesting self-aggregation properties.[26,27] Com-
pounds with alkyl chains and/or spacers of different length
were synthesized to evaluate the influence of these two
parameters on the profile of the surfactant. For an initial
assessment of their interfacial performance, their basic
physicochemical properties in aqueous solution, for exam-

www.eurjoc.org © 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Org. Chem. 2012, 345–352346

ple, the Krafft temperature and cmc, were determined. Fur-
ther studies, concerning their phase behavior and applica-
tion in molecular transport and gene transfection, are un-
derway and will be reported elsewhere.

Results and Discussion

Synthesis

The synthetic strategy initially devised to obtain the non-
ionic precursors of the target gemini surfactants is pre-
sented in Scheme 1. According to the results previously ob-
tained for the synthesis of monomeric surfactants, it was
expected that the reductive amination of glutaraldehyde (2)
with the O-protected amino acid 1 would yield the dimeric
precursor 3.

Scheme 1. Introduction of the spacer by reductive amination of
glutaraldehyde with the serine derivative.

Analysis of the NMR spectra of the product obtained
showed that it was not the target compound. Although the
13C and DEPT NMR spectra were consistent with the de-
sired structure, in the 1H NMR spectrum the signals of the
spacer protons, at δ = 2.59–2.46 (–N–CH2–), 1.62–1.48
(–N–CH2–CH2–), and 1.46–1.35 ppm (–N–CH2–CH2–
CH2–), had twice the intensity expected for the compound
in question. The MS (ESI) spectrum confirmed that the
product obtained was not compound 3 (m/z calcd. 209.15).
The molecular ion peak appeared at m/z 244.73, which is
compatible with either of the two structures (3A or 3B) pre-
sented in Figure 3.

Figure 3. Possible structures for the compound formed.

The ionization method (ESI) used did not allow these
two structures to be distinguished because the result, ex-
pressed as the m/z ratio, would be the same for both. How-
ever, by using high-resolution mass spectrometry (ESI-
TOF), we were able to unambiguously assign the structure,



Serine-Based Bis-quat Gemini Surfactants

because the m/z value was associated with a structure hav-
ing a charge of +1. Therefore, the product obtained in this
first synthetic approach was assigned as methyl (2S)-3-tert-
butyloxy-(2-piperidyl)propanoate (3B). Its formation re-
sulted from the occurrence of two reductive aminations by
attack of the same nitrogen atom on the two carbonyl
groups of the dialdehyde (Scheme 2). The length of the
spacer favors this intramolecular attack of the nitrogen
atom on the carbon of the second carbonyl group because
it allows the formation of a stable six-membered ring. The
low concentration of reagents in solution also favors the
intramolecular reaction over the intermolecular reaction.

Scheme 2. Formation of compound 3B.

The result obtained in this reaction was somewhat unex-
pected because in none of the reductive amination reactions
carried out in our research group during the synthesis of
the monomeric compounds did the entry of two aliphatic
chains on the same nitrogen atom occur. The proximity
(stereochemical) of the functional groups in the case of the
dialdehyde must have been the major factor that contrib-
uted to this result.

To prevent the occurrence of this cyclization, two syn-
thetic approaches can be considered: (1) use of dialdehydes
with either longer or very small (less than 4) chain lengths
that do not favor the intramolecular reaction; (2) prepara-
tion of N-alkyl derivatives (secondary amines) of amino
acid 1 prior to introduction of the spacer, thus avoiding the
cyclization. The first approach is somewhat limiting because
it only allows the synthesis of gemini surfactants with either
long or very short spacers. The second approach imposes
no limitation to the length of the spacer, as long as it is
available or easily synthesized, and was therefore chosen for
the proposed synthesis (Scheme 3).

Scheme 3. Synthesis of cationic serine-based gemini surfactants.
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The alkyl chain was introduced into amino acid deriva-
tive 1 by reductive amination of “fatty” aldehydes 4a–d ac-
cording to a previously reported method.[25] The resulting
N-alkyl derivatives (5a–d) were submitted to a new re-
ductive amination reaction now using a dialdehyde (2, 6, or
7) to obtain the gemini precursors (8, 9, or 10).

The initial studies were performed with N-dodecyl-O-
tert-butylserine methyl ester (5a) and pentanedial (2). The
reaction was stopped after 12 h and, although there was
still unreacted 5a remaining (confirmed by TLC), extending
the reaction time did not increase its conversion into prod-
uct 8a. After establishing the best reaction conditions, we
proceeded to the synthesis of gemini precursors containing
alkyl chains with variable lengths (8b–d; Table 1). Methyl-
ation of the gemini precursors was carried out in N,N-di-
methylformamide (DMF) using 2 equiv. of alkylating agent
(CH3I), and yielded the corresponding iodides 11a–d as the
only product of the reaction. Isolation of the product was
accomplished by liquid–liquid extraction; because there was
no need for further purification by column chromatography,
high yields were obtained (72–89%; Table 1). The product
was obtained as a mixture of diastereomers, as confirmed
by NMR analysis, due to the newly formed chiral center at
the nitrogen atom. The removal of the tert-butyl group was
achieved by stirring 11 with trifluoroacetic acid (TFA) for
48 h, and the target gemini surfactants 14a–d were obtained
as trifluoroacetates with yields ranging from 50–70%
(Table 1). Attempts to separate or quantify the different iso-
mers were not successful, therefore, in Scheme 3 the config-
uration at the nitrogen atom of compounds 11–16 has not
been assigned.

To evaluate the influence of the spacer length on the
physicochemical properties of this kind of compound, the
synthesis of some dialdehydes, to be introduced as spacers,
was attempted by oxidation of the corresponding diols
using tetrapropylammonium perruthenate (TPAP). The di-
ols used were propane-1,3-diol, butane-1,4-diol, decane-
1,10-diol, and dodecane-1,12-diol. However, only the syn-
theses of decane-1,10-dial (6) and dodecane-1,12-dial (7)
were successful (47 and 58 % yield, respectively).

The reductive amination of decane-1,10-dial and do-
decane-1,12-dial with precursor 5a gave 9 and 10 with 60%
yield. Methylation and deprotection was carried out as de-
scribed above for 8 to yield the corresponding iodides 12a
and 13a (85 and 78% yield, respectively) and trifluoroacet-
ates 15a and 16a (64 and 52 %, respectively).
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Table 1. Results for the synthesis of gemini surfactants.

Micellization Properties

An assessment of the solution properties of the synthe-
sized surfactants was carried out to probe their efficiency
as surface-active agents. Thus, the basic micellization pa-
rameters were determined by performing tensiometry and
conductimetry measurements. The cmc and the surface ten-
sion at the cmc (γcmc) were determined for surfactants 14a,
14b, 15a, and 16a from the surface tension plot curves
shown in Figure 4. For compounds 14c and 14d, dynamic
surface tension effects did not allow the cmc to be deter-
mined by this method, therefore, conductimetry was used
instead (see below). These parameters are listed in Table 2.

The maximum surface excess concentration, Γmax, can be
calculated from the surface tension curve (slope near the
cmc) according to Equation (1).

(1)

Table 2. Interfacial parameters for the serine-based bis-quat gemini compounds and other relevant surfactants, at 25 °C (unless otherwise
stated).

[a] Value from tensiometry; typical uncertainty �2%. [b] Value from conductimetry; typical uncertainty �2 %. [c] Values obtained by
using a Gibbs prefactor n = 2 or, in parentheses, n = 3.
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where R is the gas constant, T is the absolute temperature,
m is surfactant molal concentration (m° = 1 mol kg–1), and
n is related to the number of independent species at the
interface. The minimum surface area per surfactant head-
group, as, at the air–solution interface, is then obtained by
Equation (2) where NA is the Avogadro constant.

(2)

In the tensiometry experiments, the cmc values were de-
termined from the inflection points in the curves (Figure 4).
Because no well in the vicinity of the cmc break (a common
fingerprint of surface-active impurities) is seen, these curves
provide further evidence for the good purity of the surfac-
tants. The fact that these novel amphiphiles consist of a
mixture of diastereomers does not seem to affect their in-
terfacial properties, since no meaningful variation of the
cmc was observed with independent batches of the same
compound. Thus, the surface tension data suggest that the
composition of the final product is virtually the same.

Figure 4. Surface tension vs. ln(concentration) curves.
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Further micellization studies were carried out by con-
ductimetry, in particular for the determination of the degree
of micellar ionization, α, for the different surfactants and
of the cmc values for surfactants 14c and 14d. In the latter
case, the low values of specific conductivity of the solution
did not lead to a reasonable accuracy either, so the order
of magnitude of the cmc was estimated by extrapolation
from the plot in Figure 5.

Figure 5. Logarithm of cmc vs. chain length and least square linear
fits for the (nSer)2N5 gemini surfactants (3.99–0.367 nC), bis-quat
geminis n-5-n (4.29–0.359 nC), and serine-based monomeric surfac-
tants, nSerTFAc (2.55–0.186 nC); values from Table 2.

The standard molar Gibbs energy of micellization for
gemini surfactants can be calculated according to the Equa-
tion (3).[28] xcmc is the cmc expressed in surfactant molar
fraction.

(3)

The cmc and α values, obtained from tensiometry and con-
ductimetry, respectively, were used in this expression. The
standard molar Gibbs energy of adsorption at the air–solu-
tion interface can then be obtained from Equation (4).

(4)

In this equation, πcmc is the surface pressure of the solu-
tion at the cmc. Table 2 compiles the measured and calcu-
lated interfacial properties for all amphiphiles. For com-
parison purposes, the cmc values (and other parameters of
interest) of dodecyl and tetradecyl serine-based monomeric
cationic surfactants (12SerTFAc and 14SerTFAc) and of
the conventional homologous gemini surfactants are also
included. We note that in Equation (1), a value of 2 for the
Gibbs prefactor has typically been used for conventional
bis-quats, i.e., it has been assumed that there is ion pairing
and that only one of the bromide counterions is dissociated
from the ionic headgroup.[9] Recently, however, it has been
shown from neutron reflection data that n has a complex
dependence on both chain and spacer length for the same
family of gemini surfactants, varying within the range 2–3
(i.e., ion paring to full dissociation).[29] Thus, for the serine-
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based bis-quats in this work, we present as and ΔadsG°m

values based both on n = 2 and 3, which can reasonably be
assumed to be the lower and upper limits for the prefactor
(further support for this assumption comes from the large
α values obtained from conductimetry measurements).

As expected, the cmc values for the Ser-based bis-quats
decrease with increasing alkyl chain length due to the in-
creasingly large contribution of the hydrophobic effect to
the aggregation process. A linear dependence of the loga-
rithm of cmc with chain length is observed (Figure 5), with
a slope very similar to that found for the conventional bis-
quats, and higher than that for the monomeric Ser-based
homologues. The influence of the spacer length on the cmc
is also notable; the cmc value of surfactant 15a is five times
smaller than that of surfactant 14a, owing to the higher
hydrophobicity of the spacer in the former (the same trend
occurs for conventional bis-quats). When compared with
the corresponding monomeric counterparts, the serine-
based gemini surfactants present much lower cmc values.
For instance, the cmc of surfactant (14Ser)2N5 is 27 times
lower than that of 14SerTFAc.

The surface tension value at cmc, γcmc, is another param-
eter that is often used as an indicator of interfacial effi-
ciency, lower values of γcmc meaning a better performance.
The serine-based gemini surfactants show, in general, lower
γcmc values than the conventional bis-quats. For instance,
the conventional bis-quat 12–10–12 shows γcmc = 43.0
mNm–1, compared to 35.1 mNm–1 for the analogous ser-
ine-based bis-quat 15a (Table 2). With respect to the values
of the Gibbs energies of micellization and of adsorption
(Table 2), the more negative values observed for the conven-
tional bis-quats are a consequence of the smaller values for
the degree of micellar ionization.

Overall, these results point to a good interfacial perform-
ance by the novel compounds, which present enhanced
micellization and adsorption properties compared to the
monomeric and the conventional bis-quat homologues.
Toxicological tests and further self-assembly studies are un-
derway and will be presented in a future report.

Experimental Section
General: The enantiomerically pure (l-series) amino acid derivative
was purchased from NovaBiochem. Solvents (p.a. quality) and
chemicals were obtained from Sigma–Aldrich. Thin layer
chromatography (TLC) aluminum foil plates covered with silica 60
F254 (0.25 mm) and silica-gel 60 (70–230 mesh ASTM) for prepara-
tive column chromatography were purchased from Merck and SDS,
respectively. 1H and 13C NMR spectra were recorded with a Bruker
Avance III 400 or AMX500 spectrometer. Chemical shifts (δ) are
presented in ppm relative to tetramethylsilane (TMS; δ = 0 ppm)
as internal standard for CDCl3. Coupling constants (J) are in Hertz
(Hz). ESI mass spectra were recorded with a Finnigan Surveyor
instrument, equipped with a Finnigan LCQ DECA XP MX (Finni-
gan Corp. San Jose, Calif. USA) mass detector and API (Atmo-
spheric Pressure Ionization) using an electrospray ionization (ESI)
interface. ESI-TOF HRMS spectra were obtained with a Microtof
apparatus. The samples were introduced by direct injection and the
spectra were obtained in positive mode (m/z range: 50–1000). Op-
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tical rotations at the sodium d-line were determined with a Perkin–
Elmer 241 thermostatted polarimeter and are reported as follows:
[α]Dt (c in g per 100 mL, solvent). For the surface tension measure-
ments, a DCAT11 tensiometer from Dataphysics Instruments
GmbH was used (Wilhelmy plate method). Temperature was kept
constant at the desired value (�0.1 °C) using a thermostatted
Julabo water bath. The specific conductivity (κ) was measured with
a WTM Inolab 740 conductivity meter calibrated with a
1.00 �10–2 molkg–1 KCl aqueous solution. The measured cell con-
stant was 0.473 cm–1. For the measurements, successive aliquots of
a concentrated solution of surfactant were progressively added to
a thermostatted vessel with a known volume of solution under con-
stant stirring.

Synthesis of Methyl (2S)-3-tert-Butyloxy(2-piperidyl)propanoate
(3B) by Reductive Amination: [H-Ser(tBu)-OMe] HCl (4.7 mmol)
and triethylamine (7.1 mmol) were dissolved in 1,2-dichloroethane
(10 mL) and stirred for 15 min to liberate the amine from the salt.
A solution of glutaraldehyde (2.3 mmol) in 1,2-dichloroethane
(10 mL) was added, followed by sodium triacetoxyborohydride
(4.7 mmol). The mixture was stirred at room temp. under an argon
atmosphere for 6 h, quenched with NaHCO3 (saturated solution)
and the product was extracted with dichloromethane (3 �20 mL).
The organic extracts were washed with water and dried (Na2SO4).
The solvent was evaporated and the crude material was subjected
to column chromatography on silica gel (dichloromethane/meth-
anol, 20:1) to yield 3B as an orange oil (yield 50%). [α]D24 = –8.7 (c
= 1.5, CHCl3). 1H NMR (CDCl3, 500 MHz): δ = 3.73 (t, J =
8.5 Hz, 1 H), 3.71 (s, 3 H), 3.56 (dd, J = 8.5, 5.0 Hz, 1 H), 3.32
(dd, J = 8.8, 4.8 Hz, 1 H), 2.63–2.46 (m, 4 H), 1.64–1.50 (m, 4 H),
1.48–1.36 (m, 2 H), 1.16 (s, 9 H) ppm. 13C NMR (CDCl,
125 MHz): δ = 171.7, 73.1, 70.0, 61.0, 51.9, 51.0, 27.4, 26.3,
24.4 ppm. MS (ESI, MeOH): m/z calcd. 244.35 [M + H]+; found
244.60. HRMS (+ve, ESI, MeOH): m/z calcd. 244.1907; found
244.1915.

Representative Procedure for the Introduction of the Spacer by Re-
ductive Amination

Dimethyl (2S,10S)-Bis(tert-butyloxymethyl)-3,9-didodecyl-3,9-di-
azaundecane-1,11-dioate (8a): N-Dodecyl-O-tert-butylserine methyl
ester (5a; 2.0 mmol) and glutaraldehyde were dissolved in 1,2-
dichloroethane (20 mL) and stirred for 1 h, then sodium triacetox-
yborohydride (2.5 mmol) was added. The mixture was stirred at
room temp. under an argon atmosphere for 12 h, quenched with
water (10 mL), and the product was extracted with dichlorometh-
ane (3�20 mL). The dichloromethane extracts were dried
(Na2SO4) and the solvent was evaporated. The crude product was
submitted to column chromatography on silica gel (hexane/ethyl
acetate, 5:1) to yield the product as an colorless oil (yield 60%). 1H
NMR (400 MHz, CDCl3): δ = 3.69(4) (t, J = 7.8 Hz, 2 H), 3.69(0)
(s, 6 H), 3.53–3.40 (4 H, m), 2.64–2.51 (m, 4 H), 2.49–2.34 (m, 4
H), 1.48–1.34 (m, 8 H), 1.26 (br. s, 38 H), 1.16 (s, 18 H), 0.88 (t, J
= 6.8 Hz, 6 H) ppm. 13C NMR (CDCl3, 100 MHz): δ = 172.6, 73.0,
63.8, 61.6, 52.0, 51.9, 50.9, 31.9, 29.6(8), 29.6(6), 29. (6)4, 29.6,
29.3, 28.7, 28.6(6), 27.4, 27.3, 24.9, 22.7, 14.1. MS (ESI, MeOH):
m/z calcd. 756.21 [M + H]+; found 756.20.

Dimethyl (2S,10S)-Bis(tert-butyloxymethyl)-3,9-ditetradecyl-3,9-di-
azaundecane-1,11-dioate (8b): Colorless oil (56%). 1H NMR
(CDCl3, 400 MHz): δ = 3.69(3) (t, J = 7.6 Hz, 2 H), 3.69(0) (s, 6
H), 3.53–3.45 (m, 4 H), 2.63–2.50 (m, 4 H), 2.49–2.39 (m, 4 H),
1.47–1.34 (m, 8 H), 1.26 (br. s, 46 H), 1.16 (s, 18 H), 0.88 (t, J =
6.8 Hz, 6 H) ppm. 13C NMR (CDCl3, 100 MHz): δ = 172.6, 73.0,
63.8, 61.6, 52.0, 51.9, 50.9, 31.9, 29.7, 29.6(8), 29.6(6), 29.6, 29.3,
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28.7, 28.6(6), 27.4, 27.3, 24.9, 22.7, 14.10 ppm. MS (ESI, MeOH):
m/z calcd. 812.32 [M + H]+; found 811.95.

Diethyl (2S,10S)-Bis(tert-butyloxymethyl)-3,9-dihexadecyl-3,9-di-
azaundecane-1,11-dioate (8c): Colorless oil (61%). 1H NMR
(CDCl3, 400 MHz): δ = 3.69(2) (t, J = 7.6 Hz, 2 H), 3.69(0) (s, 6
H), 3.54–3.44 (m, 4 H), 2.62–2.51 (m, 4 H), 2.50–2.38 (m, 4 H),
1.50–1.35 (m, 8 H), 1.26 (br. s, 54 H), 1.16 (s, 18 H), 0.88 (t, J =
6.8 Hz, 6 H) ppm. 13C NMR (CDCl3, 100 MHz): δ = 172.6, 73.0,
63.8, 61.6, 52.0, 51.9, 50.9, 31.9, 29.7, 29.7, 29.6, 29.4, 28.7, 28.7,
27.4, 27.3, 24.9, 22.67, 14.10 ppm. MS (ESI, MeOH): m/z calcd.
868.43 [M + H]+; found 868.14.

Dimethyl (2S,10S)-Bis(tert-butyloxymethyl)-3,9-dioctadecyl-3,9-di-
azaundecane-1,11-dioate (8d): Colorless oil (64%). 1H NMR
(CDCl3, 400 MHz): δ = 3.69(4) (t, J = 7.6 Hz, 2 H), 3.69(0) (s, 6
H), 3.54–3.45 (m, 4 H), 2.63–2.55 (m, 4 H), 2.50–2.38 (m, 4 H),
1.48–1.34 (m, 8 H), 1.25 (br. s, 62 H), 1.16 (s, 18 H), 0.88 (t, J =
7.0 Hz, 6 H) ppm. 13C NMR (CDCl3, 100 MHz): δ = 172.6, 73.0,
63.8, 61.6, 52.0, 51.9, 50.9, 31.9, 29.7(1), 29.7, 29.6, 29.4, 28.7,
28.66, 27.4, 27.3, 24.92, 22.7, 14.1 ppm. MS (ESI, MeOH): m/z
calcd. 924.53 [M + H]+; found 924.33.

Dimethyl (2S,15S)-Bis(tert-butyloxymethyl)-3,14-didodecyl-3,14-di-
azahexadecane-1,16-dioate (9a): Colorless oil (60%). 1H NMR
(CDCl3, 400 MHz): δ = 3.70 (t, J = 7.6 Hz, 2 H), 3.69 (s, 6 H),
3.55–3.45 (m, 4 H), 2.64–2.53 (m, 4 H), 2.49–2.40 (m, 4 H), 1.47–
1.34 (m, 8 H), 1.28 (br. s, 48 H), 1.16 (s, 18 H), 0.88 (t, J = 6.8 Hz,
6 H) ppm. 13C NMR (CDCl3, 100 MHz): δ = 172.6, 73.0, 63.8,
61.6, 52.0, 51.9, 50.9, 31.9, 29.7, 29.6(8), 29.6(5), 29.6(3), 29.6, 29.4,
28.6(4), 28.6, 27.4, 27.3, 27.2, 22.7, 14.1 ppm. MS (ESI, MeOH):
m/z calcd. 826.34 [M + H]+; found 825.80.

Dimethyl (2S,17S)-Bis(tert-butyloxymethyl)-3,16-didodecyl-3,16-di-
azaoctadecane-1,18-dioate (10a): Colorless oil (60%). 1H NMR
(CDCl3, 400 MHz): δ = 3.68 (t, J = 7.6 Hz, 2 H), 3.67 (s, 6 H),
3.52–3.43 (m, 4 H), 2.61–2.52 (m, 4 H), 2.47–2.38 (m, 4 H), 1.44–
1.33 (m, 8 H), 1.24 (br. s, 50 H), 1.14 (s, 18 H), 0.86 (t, J = 6.8 Hz,
6 H) ppm. 13C NMR (CDCl3, 100 MHz): δ = 172.6, 73.0, 63.8,
61.5, 51.9, 50.8, 31.9, 29.7, 29.6(6), 29.6(2), 29.6, 29.5, 29.3, 28.6(4),
28.6, 27.4, 27.4, 27.2(3), 27.2, 22.1, 14.1 ppm. MS (ESI, MeOH):
m/z calcd. 853.79 [M + H]+; found 853.93.

Representative Procedure for Methylation

Pentamethylenebis{[(2-tert-butyloxy-1-methoxycarbonyl)ethyl]-
(dodecyl)(methyl)ammonium} Diiodide (11a): To a solution of 8a
(1.0 mmol) in DMF was added iodomethane (2.0 mmol), and the
mixture was stirred at room temp. for 12 h until the reactants were
consumed (TLC). The solvent was evaporated to give the crude
ammonium salt, which was taken up in ethyl acetate (3 � 20 mL)
and washed with sodium thiosulfate soln. (10%; 3 �20 mL). The
ethyl acetate layer was dried (Na2SO4) and, after removal of the
solvent, product 11a was obtained as a yellow oil (89% yield). 1H
NMR (CDCl3, 400 MHz): δ = 4.94–4.76 (m, 2 H), 4.24–4.04 (m, 4
H), 3.93–3.57 (m, 8 H), 3.86 and 3.84 (2 � s, 6 H), 3.50, 3.48 and
3.47 (3 � s, 6 H), 2.26–2.01 and 2.00–1.60 (2 � m, 8 H), 1.44–1.32
and 1.26 (m and br. s, 38 H), 1.21 (s. 18 H), 0.88 (t, J = 6.8 Hz, 6
H) ppm. 13C NMR (CDCl3, 100 MHz): δ = 165.8 and 165.6, 75.3,
75.2, 71.1, 70.6, 62.8, 62.5(8), 62.5(5), 62.2, 58.9, 53.4, 53.2, 48.8,
48.7, 48.6, 31.8, 29.5, 29.4, 29.2, 28.8(6), 28.8(5), 27.2, 27.1(7),
26.4(1), 26.4, 23.1, 22.9, 22.7, 22.6, 22.4, 14.0 ppm. MS (+ve, ESI,
MeOH): m/z calcd. 392.64; found 392.73.

Pentamethylenebis{[(2-tert-butyloxy-1-methoxycarbonyl)ethyl]-
(methyl)(tetradecyl)ammonium} Diiodide (11b): Yellow oil (72 %).
1H NMR (CDCl3, 400 MHz): δ = 5.00–4.68 (m, 2 H), 4.27–4.01
(m, 4 H), 3.98–3.56 (m, 8 H), 3.86, 3.79 and 3.84 (3 � s, 6 H), 3.45
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(br. s, 6 H), 2.30–1.55 and 1.47–1.10 (2 � m, 72 H), 1.00–0.70 (m,
6 H) ppm. 13C NMR (CDCl3, 100 MHz): δ = 166.1, 165.9, 75.5(2),
75.5, 71.3, 70.9, 62.9, 62.8(3), 62.8, 62.5, 59.2, 53.7, 53.5, 49.0,
48.9(6), 48.9, 32.0, 29.8, 29.6, 29.5, 29.2, 29.1, 27.5, 27.4, 26.7, 26.6,
23.3, 23.2, 22.9, 22.8, 22.7, 14.26 ppm. MS (+ve, ESI, MeOH): m/z
calcd. 420.69; found 420.53.

Pentamethylenebis{[(2-tert-butyloxy-1-methoxycarbonyl)ethyl]-
(methyl)(hexadecyl)ammonium} Diiodide (11c): Yellow oil (81 %).
1H NMR (CDCl3, 400 MHz): δ = 4.87–4.74 (m, 2 H), 4.26–4.01
(m, 4 H), 3.90–3.55 (m, 8 H), 3.85 and 3.83 (2 � s, 6 H), 3.48, 3.47
and 3.46 (3 � s, 6 H), 2.21–1.96 and 1.94–1.60 (2 � m, 8 H), 1.44–
1.30 and 1.26 (m and br. s, 54 H), 1.20 (s, 18 H), 0.88 (t, J = 6.8 Hz,
6 H) ppm. 13C NMR (CDCl3, 100 MHz): δ = 165.8, 165.7, 75.3,
75.2, 71.1, 70.6, 62.7, 62.6, 62.2, 58.9, 53.4, 53.2, 48.6(4), 48.6, 48.5,
31.8, 29.6, 29.5(7), 29.5(6), 29.5, 29.4, 29.3(8), 29.3(6), 29.3, 29.0,
28.9, 27.2, 27.1(6), 26.4(3), 26.4, 23.0, 22.9, 22.6, 22.5, 22.3,
14.0 ppm. MS (+ve, ESI, MeOH): m/z calcd. 448.75; found 448.73.

Pentamethylenebis{[(2-tert-butyloxy-1-methoxycarbonyl)ethyl]-
(methyl)(octadecyl)ammonium} Diiodide (11d): Yellow oil (83%). 1H
NMR (CDCl3, 400 MHz): δ = 4.90–4.74 (m, 2 H), 4.24–4.08 (m, 4
H), 3.93–3.56 (m, 8 H), 3.85 and 3.83 (2 � s, 6 H), 3.48, 3.46 and
3.45 (3� s, 6 H), 2.25–2.00 and 1.97–1.60 (2 � m, 8 H), 1.41–1.30
and 1.25 (m and br. s, 62 H), 1.20 (s, 18 H), 0.88 (t, J = 6.8 Hz, 6
H) ppm. 13C NMR (CDCl3, 100 MHz): δ = 165.8, 165.7, 75.3, 75.2,
71.1, 70.6, 62.7, 62.6, 62.2, 58.85, 53.4, 53.2, 48.6(2), 48.6, 48.5,
31.9, 29.6(4), 29.6(1), 29.5(9), 29.6, 29.4(1), 29.4, 29.3, 29.0, 28.9,
27.2, 27.1(8), 26.5, 26.4, 23.1, 22.9, 22.6, 22.5, 22.2, 14.1 ppm. MS
(+ve, ESI, MeOH): m/z calcd. 476.80; found 476.73.

Decamethylenebis{[(2-tert-butyloxy-1-methoxycarbonyl)ethyl]-
(dodecyl)(methyl)ammonium} Diiodide (12a): Yellow oil (85%). 1H
NMR (CDCl3, 400 MHz): δ = 5.26–5.00 (m, 2 H), 4.26–4.00 (m, 4
H), 3.85, 3.84 and 3.83(7) (3 � s, 6 H), 3.80–3.52 (m, 8 H), 3.48,
3.48(3) and 3.47 (3 � s, 6 H), 1.98–1.70 and 1.69(5)–1.54 (2 � m, 8
H), 1.46–1.30 and 1.26 (m and br. s, 48 H), 1.20 (s, 18 H), 0.88 (t,
J = 7.0 Hz, 6 H) ppm. 13C NMR (CDCl3, 100 MHz): δ = 165.9,
165.8, 75.1(2), 75.1, 70.7, 70.5, 62.8, 62.6, 62.5, 59.0, 58.9, 53.3,
53.2, 53.1, 48.8, 48.7(6), 31.7, 29.4, 29.3(1), 29.3, 29.2, 28.9, 28.8,
27.1, 26.3, 22.9, 22.8, 22.5, 14.0 ppm. MS (+ve, ESI, MeOH): m/z
calcd. 427.70; found 427.60.

Dodecamethylenebis{[(2-tert-butyloxy-1-methoxycarbonyl)ethyl]-
(dodecyl)(methyl)ammonium} Diiodide (13a): Yellow oil (78%). 1H
NMR (CDCl3, 400 MHz): δ = 5.05–4.95 (m, 2 H), 4.20–4.00 (m, 4
H), 3.81, 3.79(7), 3.79(1) and 3.78(8) (4 � s, 6 H), 3.75–3.50 (m, 8
H), 3.45, 3.43 and 3.42 (3 � s, 6 H), 1.90–1.60 (m, 8 H), 1.40–1.29
and 1.21 (m and br. s, 50 H), 1.15 (s, 18 H), 0.84 (t, J = 6.8 Hz, 6
H) ppm. 13C NMR (CDCl3, 100 MHz): δ = 166.0, 75.1(5), 75.1,
70.8, 70.5(4), 70.5, 62.8, 62.5(4), 62.5(3), 59.0, 58.9, 53.3, 53.2, 48.8,
48.7(6), 31.7, 29.5(4), 29.5(1), 29.5, 29.3, 29.2, 29.0, 28.8, 27.3, 27.1,
26.3(4), 26.3, 22.8, 22.6, 14.0 ppm. MS (+ve, ESI, MeOH): m/z
calcd. 441.42; found 441.67.

Representative Procedure for Removal of the Protective Group

Pentamethylenebis{(dodecyl)[(2-hydroxy-1-methoxycarbonyl)-
ethyl](methyl)ammonium} Bis(trifluoroacetate) (14a): Deprotection
was accomplished by stirring of the gemini precursor 9a (1.0 mmol)
with TFA (1–2 mL) for 48 h at room temp. The mixture was treated
with diethyl ether followed by evaporation until total removal of
TFA. The residue was submitted to column chromatography on
silica gel (dichloromethane/methanol, 5:1), and the product was
isolated as a colorless oil (70%). 1H NMR (CDCl3, 400 MHz): δ =
5.30–4.60 (m, 2 H), 4.52 (br. s, 2 H), 4.28 (br. s, 4 H), 3.94–3.28 (m,
8 H), 3.82 (s, 6 H), 3.35 and 3.21 (2 � br. s, 6 H), 2.10–1.52 (2 �
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m, 8 H), 1.50–1.13 (m + br. s, 38 H), 0.88 (t, J = 6.8 Hz, 6 H) ppm.
13C NMR (CDCl3, 100 MHz): δ = 166.5, 72.6, 72.2, 61.9, 61.7,
58.9, 58.3, 53.4, 48.0, 46.8, 31.9, 29.6, 29.4, 29.3, 28.9(3), 28.9,
26.2(2), 26.2, 22.6, 22.4, 22.2, 14.1 ppm. HRMS (+ve, ESI,
MeOH): m/z calcd. 336.3003; found 336.3003.

Pentamethylenebis{[(2-hydroxy-1-methoxycarbonyl)ethyl](methyl)-
(tetradecyl)ammonium} Bis(trifluoroacetate) (14b): Colorless oil
(65%). 1H NMR (CDCl3, 400 MHz): δ = 5.20–4.46 (m, 2 H), 4.52
(br. s, 2 H), 4.28 (br. s, 4 H), 3.96–3.12 (m, 8 H), 3.83 (s, 6 H), 3.35
and 3.20 (2 � br. s, 6 H), 2.18–1.55 (2 � m, 8 H), 1.50–1.17 (m +
br. s, 46 H), 0.88 (t, J = 7.0 Hz, 6 H) ppm. 13C NMR (CDCl3,
100 MHz): δ = 166.5, 166.4, 72.4(2), 72.4, 72.0, 61.9, 61.8, 61.6,
58.4, 58.2, 53.4(4), 53.4(3), 53.4, 48.1, 48.0, 46.9, 31.9, 26.7, 29.6(2),
29.6, 29.4(2), 29.4, 29.3, 29.0, 28.9, 26.3, 26.2, 22.7, 14.1 ppm.
HRMS (+ve, ESI, MeOH): m/z calcd. 364.3316; found 364.3316.

Pentamethylenebis{[(2-hydroxy-1-methoxycarbonyl)ethyl](hexa-
decyl)(methyl)ammonium} Bis(trifluoroacetate) (14c): Colorless oil
(50%). 1H NMR (CDCl3, 400 MHz): δ = 6.00–5.50 (m, 2 H), 4.56
(br. s, 2 H), 4.31 (br. s, 4 H), 4.00–3.60 (m, 8 H), 3.83 (s, 6 H), 3.37
and 3.21 (2 � br. s, 6 H), 2.10–1.50 (2 � m, 8 H), 1.50–1.10 (m +
br. s, 54 H), 0.88 (t, J = 6.8 Hz, 6 H) ppm. 13C NMR (CDCl3,
100 MHz): δ = 166.5, 166.4, 72.5, 72.1, 62.1, 62.0, 61.7, 58.6, 58.4,
53.5, 48.1, 46.8, 31.9, 29.7, 29.6(5), 29.6, 29.4, 29.3, 29.0, 28.9, 26.3,
26.2, 22.7, 22.4, 22.2, 14.1 ppm. HRMS (+ve, ESI, MeOH): m/z
calcd. 392.3629; found 392.3692.

Pentamethylenebis{[(2-hydroxy-1-methoxycarbonyl)ethyl](methyl)-
(octadecyl)ammonium} Bis(trifluoroacetate) (14d): Colorless oil
(57%). 1H NMR (CDCl3, 400 MHz): δ = 4.54 (br. s, 2 H), 4.30
(br. s, 4 H), 3.92–3.30 (m, 10 H), 3.83 (s, 6 H), 3.36 and 3.21 (2 �

br. s, 6 H), 2.10–1.56 (m, 8 H), 1.56–1.12 (m + br. s, 62 H), 0.88 (t,
J = 6.8 Hz, 6 H) ppm. 13C NMR (CDCl3, 100 MHz): δ = 166.5,
166.4(6), 72.5, 72.1, 62.0, 61.8, 58.6, 58.4, 53.5, 53.4, 48.1(1), 48.1,
46.8, 31.9, 29.7, 29.6(5), 29.6, 29.4(3), 29.4, 29.0, 28.9, 26.3, 26.2,
22.7, 14.1 ppm. HRMS (+ve, ESI, MeOH): m/z calcd. 420.3942;
found 420.3945.

Decamethylenebis{(dodecyl)[(2-hydroxy-1-methoxycarbonyl)ethyl]-
(methyl)ammonium} Bis(trifluoroacetate) (15a): Colorless oil (64 %).
1H NMR (CDCl3, 400 MHz): δ = 4.72–4.32 (m, 2 H), 4.64 (br. s,
2 H), 4.37 (br. s, 4 H), 3.83 (s, 6 H), 3.76–3.28 (m, 8 H), 3.51 (br. s,
6 H), 1.90–1.50 (m, 8 H), 1.46–1.12 (m + br. s, 48 H), 0.88 (t, J =
6.8 Hz, 6 H) ppm. 13C NMR (CDCl3, 100 MHz): δ = 166.4(9),
72.5, 72.1, 62.0, 61.8, 58.6, 58.4, 53.5, 53.4, 48.1(1), 48.1, 46.8, 31.9,
29.7, 29.6(5), 29.6, 29.4(3), 29.4, 29.0, 28.9, 26.3, 26.2, 22.7,
14.1 ppm. HRMS (+ve, ESI, MeOH): m/z calcd. 371.3394; found
371.3399.

Dodecamethylenebis{(dodecyl)[(2-hydroxy-1-methoxycarbonyl)-
ethyl](methyl)ammonium} Bis(trifluoroacetate) (16a): Colorless oil
(52%). 1H NMR (CDCl3, 400 MHz): δ = 5.90–5.40 (m, 2 H), 4.55
(br. s, 2 H), 4.37 (br. s, 4 H), 3.81 (s, 6 H), 3.70–3.35 (m, 8 H), 3.32
(br. s, 6 H), 1.85–1.50 (m, 8 H), 1.24 (br. s, 50 H), 0.86 (t, J =
6.8 Hz, 6 H) ppm. 13C NMR (CDCl3, 100 MHz): δ = 166.5, 72.5,
72.4, 62.4, 62.3(8), 62.3, 61.9, 61.6, 58.6, 58.5, 53.4, 47.7, 47.4, 31.9,
29.5, 29.3, 28.9(1), 28.8(7), 28.7, 28.6(7), 28.5, 28.4(5), 26.2, 26.1,
26.0, 22.6, 22.2, 14.1 ppm. HRMS (+ve, ESI, MeOH): m/z calcd.
385.3551; found 385.3550.

Supporting Information (see footnote on the first page of this arti-
cle): NMR and HRMS spectra of the final compounds.
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Two series of novel cationic gemini surfactants based on the
amino acid serine have been synthesized. These compounds
contain long alkyl chains linked to the nitrogen atoms of the
amino acid residues, as well as spacers interconnecting two
carboxylic acid groups, through amide or ester bonds. The
most efficient synthetic pathway was established; it involves
the introduction of the spacers into the N,N-dialkylated mo-
nomeric precursors by peptide condensation methods with
diamines or diols, with subsequent methylation and depro-
tection to yield the final target surfactants. The effects of mo-

Introduction

Natural and synthetic amphiphiles have multiple applica-
tions in technical and industrial processes, such as de-
tergency, emulsification, solubilization, wetting, rheological
modification, templating, encapsulation, and delivery.[1,2]

The amphiphilic nature of these molecules endow them
with the abilities not only to adsorb at interfaces and hence
to modify interfacial properties, but also to form various
types of colloidal assemblies in bulk, ranging from micelles
and liposomes to liquid-crystalline structures.[3]

Gemini (or dimeric) surfactants emerged as a new class
of self-assembling molecules in the 1970s and since then
have attracted considerable interest both in fundamental
and in applied contexts.[4–8] These surfactants, each based
on two hydrophobic chains and two hydrophilic headgroups
linked chemically at or near the headgroup through a rigid
or flexible spacer, possess unique physicochemical proper-
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lecular structure, type of spacer linkage, and spacer length
on the interfacial and cytotoxic properties of these gemini
surfactants are reported and discussed; studies on gemini
surfactants with amine linkages and other relevant homolo-
gous compounds (conventional bis-quat gemini and mono-
meric surfactants) are also included. Overall, it is shown that
cationic serine-based gemini surfactants have enhanced in-
terfacial properties and low cytotoxicities, offering potential
use in technical and biological applications.

ties that directly stem from their dimeric structures.[5,9,10]

They thus display lower critical micelle concentrations than
their monomeric homologues and are more efficient in low-
ering interfacial tension.[5,6,10] Moreover, they form a wide
variety of aggregate morphologies depending on molecular
structure, namely on the lengths and chemical natures of
their covalent spacers.[5,6,10]

Thanks to their potential for enhanced and versatile per-
formance, gemini surfactants are of particular interest for
biomedical applications, for which it is important to opti-
mize the safety profiles of foreign compounds, by reducing
their in vivo concentrations.[11]

In terms of the synthesis of gemini surfactants, variations
in the lengths of the hydrophobic tails, in the headgroups,
and in the spacers allow a wealth of compounds to be ob-
tained.[5,6,9,12–14] Like monomeric surfactants, gemini sur-
factants can have positive (e.g., ammonium), negative (e.g.,
carboxylate, sulfate, phosphate), or non-ionic (e.g., poly-
ether) polar headgroups. Among these subclasses, cationic
gemini surfactants have attracted significant attention ow-
ing to their potential for applications in the biomedical
field.[7,11,15–18] Cationic surfactants in general are known to
display antimicrobial activity and so have been used for
many years as disinfectants in industrial applications and,
more recently, as antimicrobial and antifungal agents in the
treatment of human infections.[19–21] Moreover, the conven-
tional bis-quaternary ammonium salts (bis-quats) have
proven to be highly promising for delivery of genetic mate-
rial to cells and as synthetic additives in liposome formula-
tions for drug delivery.[11,18,22] The major drawbacks of
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these compounds are their relatively high levels of cytotoxi-
city and skin irritancy, both of which are detrimental to
their use in biomedical applications.[19]

However, encouraging results obtained with cationic sur-
factants in gene therapy and drug delivery have given impe-
tus to the development of increasingly biofriendly and bioc-
ompatible amphiphiles. In the last decade, several gemini
surfactants based on sugars, amino acids, and peptides have
been synthesized, with many of them showing attractive
biological features.[23,24] In the particular case of amino acid
based gemini surfactants, most of the work has been per-
formed on lysine and arginine derivatives.[19,25] Their syn-
thesis involves the introduction of spacers between the two
carboxylic acid groups of the Nα- or Nε-alkanoyl mono-
meric precursors by peptide condensation methods, using
diamines.[26] These surfactants display physicochemical
properties similar to those of bis-quats, but they have the
advantages of being more environmentally friendly and less
toxic to human cells (the lysine-based derivatives in particu-
lar). In another study, it has been shown, for instance, that
when an amino acid (or a dipeptide) residue is introduced
as a side chain into the spacer of a conventional bis-quat,
an improvement in DNA transfection efficiency is
achieved.[27,28]

More recently, we have been engaged in the synthesis and
physicochemical evaluation of novel cationic gemini surfac-
tants containing serine as a polar headgroup.[29] The choice
of this amino acid was mainly dictated by the optimal toxi-
cological profile presented by serine-based derivatives in
previous work on various cationic monomeric surfactants
(serine-, tyrosine-, and 4-hydroxyproline-derived).[30,31] Be-
cause of their structures, these dimeric surfactants are real
mimetics of conventional bis-quats, in that they possess
quaternized N atoms linked to the spacers and to the long
lipophilic chains through N-alkyl linkages. The introduc-
tion of the spacers and the lipophilic alkyl chains onto the
amino groups of the serine derivatives was achieved by re-
ductive amination. These serine-based bis-quats display en-

Scheme 1. Synthesis of cationic serine-based gemini surfactants with amide and ester linkages in the spacers.
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hanced interfacial properties relative to the monomeric ana-
logues and show improved performance with respect to
conventional bis-quats.[29]

The good results obtained with this first family of serine-
based gemini surfactants (amine series) prompted us to di-
versify the headgroup structure by changing the position of
the spacer in order to investigate the resulting effects on the
properties of the surfactants. Here we report the synthesis
of two novel series of serine-based gemini surfactants in
which the spacers were introduced between the carboxylic
acid groups of two amino acids through amide or ester
bonds. Compounds with different spacer lengths (number
of methylene units) were synthesized, and a global compar-
ative study of the interfacial and cytotoxicity profiles of
amide-, ester-, and amine-based gemini amphiphiles, as well
as those of conventional bis-quat and monomeric homo-
logues, was undertaken.

Results and Discussion

Synthesis

The strategy adopted for the synthesis of the two series
of cationic gemini surfactants is outlined in Scheme 1. Ini-
tially, the appropriate amino acid derivative 1 was trans-
formed into the N,N-dialkylated precursor 4 by two subse-
quent reductive aminations.[30] Introduction of the spacers
was then performed by condensation of 4 either with a di-
amine (compounds 5a–c) or with a diol (compounds 6a–c)
to yield the corresponding non-ionic gemini precursors with
amide (compounds 7a–c) or ester bonds (compounds 8a–c)
between the polar head groups and the spacers.

Reports on similar condensation reactions are abundant
in literature, as e.g. the synthesis of arginine-, cysteine- and
lysine-based surfactants by N-acylation of amino acids
through peptide condensation methods or the synthesis of
glycerol and arginine derivatives through formation of ester
bonds. These reactions are usually carried out using TBTU
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{N-[(1H-benzotriazol-1-yl)(dimethylamino)methylene]-N-
methylmethanaminium tetrafluoroborate N-oxide} or BOP
[(benzotriazol-1-yloxy)tris(dimethylamino)phosphonium
hexafluorophosphate] as coupling agents.[26] This method-
ology is quite general and was used here for the production
of the gemini structures of the target surfactants. The reac-
tions involve condensations between the carboxylic acid
groups of the monomeric precursors and either diamines or
diols, to yield amide or ester bonds. Because none of the
reagents could be used in excess (the diamines/diols in order
to avoid monocondensation, and the monomeric precursors
due to their high costs of preparation), the yields would be
expected to be lower than usual for these reactions.

The synthesis of the monomeric precursor 4 (Scheme 1)
was performed by a previously reported method.[30] The
alkyl chain was introduced onto the serine derivative O-tert-
butylserine (1) by reductive amination of dodecanal (2) with
use of sodium triacetoxyborohydride as reducing agent. The
resulting N-dodecyl derivative was then subjected to a new
reductive amination with formaldehyde, to yield the dialkyl-
ated monomeric precursor 4 necessary for the synthesis of
the target gemini surfactants.

The next step was the synthesis of the gemini precursors
through condensations between 4 and suitable diamines/di-
ols. In the first experiment, pentane-1,5-diamine (5b) was
used as spacer to afford dimeric precursor 7b {(2S,2�S)-
N,N�-pentane-1,5-diylbis[3-tert-butoxy-2-(dodecylmethyl-
amino)propanamide]}. Initially, TBTU was used as cou-
pling agent. The reaction was stopped after three days, even
though there was still unreacted 4 remaining, as was con-
firmed by TLC. However, extending the reaction time (to
one week) did not increase conversion of 4 into product 7b
(42%). In an attempt to improve the yield, the same reac-
tion was performed with PyBOP as coupling agent. The
mixture obtained after four days was subjected to flash
chromatography. Analysis of the NMR and MS spectra of
the obtained major product, however, showed that it was
not the target compound but the methyl ester of the mono-
meric precursor 4. The esterification could not have oc-
curred in the reaction medium, so the ester must have
formed during purification by column chromatography.
This assumption presumes that the reaction mixture sub-
jected to column chromatography contained essentially acti-
vated precursor 4, which was transformed into the corre-
sponding methyl ester on reaction with methanol present in
the eluent mixture. The reaction in the presence of PyBOP
was performed again with longer reaction times in order to
establish whether or not the activated precursor 4 would
react with the diamine present in the reaction mixture to
yield 7b. None of these experiments was successful.

The dimeric precursor 8b was obtained by condensation
between monomeric precursor 4 and pentane-1,5-diol (6b);
PyBOP was chosen as coupling agent, in part due to the
result obtained in the previous experiments. After three
days, 8b was obtained in 37 % yield. When performed in the
presence of TBTU, no reaction was observed, the dialkyl-
ated precursor 4 being the only compound isolated from
the reaction mixture.
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After the best reaction conditions had been established,
the synthesis of other gemini precursors containing spacer
chains of variable lengths (7a, 7c, 8a, 8c; Table 1) was per-
formed, in order to evaluate the influence of this parameter
on their aggregation properties. The spacers selected were
ethane-1,2-diamine (5a), dodecane-1,12-diamine (5c), eth-
ane-1,2-diol (6a), and dodecane-1,12-diol (6c).

Table 1. Results for the synthesis of serine-based gemini surfac-
tants.

Reaction type Reaction conditions Product % Yield

Reductive DCE, CH3(CH2)10CHO 3 60
amination NaBH(OAc)3,

12 h

Reductive DCE,
amination HCHO, NaBH(OAc)3 4 90

6 h

7a 47
TBTU, DIEA 7b 42

Condensation 4 d 7c 56

PyBOP, DIEA 8a 40
3 d 8b 37

8c 43

9a 90
9b 95

Methylation DMF, CH3I 9c 89
12 h 10a 80

10b 86
10c 90

11a 56
11b 54

Removal of TFA 11c 60
protective group 48 h 12a 70

12b 40
12c 44

The production of the final cationic gemini surfactants
was achieved by methylation and subsequent deprotection
of the dimeric precursors (compounds 7 and 8) by pro-
cedures already described by our group.[29] Methylation was
carried out in DMF with use of 2 equiv. of iodomethane
and yielded the corresponding iodides 9 or 10 (Scheme 1)
as the only products of the reactions. Isolation of the prod-
ucts was accomplished by liquid/liquid extraction, with no
need for further purification by column chromatography,
and high yields were obtained in each case (80–95%;
Table 1). The removal of the tert-butyl groups was ac-
complished by stirring compounds 9 and 10 with excess
TFA for 48 h, and the target gemini surfactants 11 and 12
were obtained as trifluoroacetates in yields ranging from
50–60%.

Interfacial Properties

An assessment of the interfacial properties of the synthe-
sized compounds (11 and 12) through surface tension was
carried out (Figure 1), in order to gauge their effectiveness
as surface-active agents. The results were compared with
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those for the serine-based amine series, for the homologous
conventional bis-quats [in this case, alkanediyl-α,ω-bis(do-
decyldimethylammonium bromides)], and for monomeric
surfactants, determined in this and in previous works
(Table 2). Figure 2 shows some of the dimeric and mono-
meric molecules used in this work, for a comparative view.
The critical micelle concentration (cmc) values were deter-
mined as the break points in the γ versus ln(m/m°) curves, as
illustrated in Figure 1 and Figure 3. The maximum surface
excess (Γmax) and minimum surface area per surfactant mo-
lecule (as) at the air/solution interface can be calculated
from the slope of the linear fit to γ versus ln(m/m°) just
below the cmc according to Equations (1) and (2), respec-
tively, where R is the gas constant, T is the absolute tem-
perature, NA is the Avogadro constant, m is the surfactant
molal concentration (m° = 1 molkg–1), and n is the Gibbs
prefactor, which is related to the number of chemical species
at the interface.

(1)

(2)

Table 2. Interfacial parameters for aqueous solutions of serine-based gemini surfactants and for homologous conventional bis-quats and
monomeric surfactants (25 °C).

Surfactants[a] Ref. cmc/mmolkg–1 γcmc/mNm–1 102 C20/mmolkg–1 106 Γmax/mol m–2[b] as/nm2[b]

Serine-based gemini

amide (12Ser)2CON2 (11a) this 0.27�0.01 32.1 1.6 1.38�0.10 1.21�0.09
series work (0.92�0.10) (1.81�0.20)

(12Ser)2CON5 (11b) 0.40�0.03 33.2 1.6 1.41 �0.10 1.18� 0.09
(0.93�0.10) (1.77�0.20)

ester (12Ser)2COO2 (12a) this 0.37�0.01 31.2 1.0 1.14�0.10 1.46�0.01
series work (0.76 �0.10) (2.19�0.01)

(12Ser)2COO5 (12b) 0.26�0.01 32.1 2.1 1.68�0.10 0.987�0.059
(1.12�0.10) (1.48� 0.01)

amine (12Ser)2N5 [29] 0.28�0.01 34.9 4.2 1.87�0.10 0.888�0.048
series (1.25�0.10) (1.33�0.11)

(12Ser)2N12 0.077� 0.004 35.3 0.65 1.42�0.10 1.17�0.09
(0.95�0.10) (1.76�0.19)

Conventional bis-quat gemini

12-2-12 0.77�0.02 29.5 18 (3.41�0.10) 0.488 �0.002
(2.27�0.10) (0.731�0.004)

12-5-12 this 0.86�0.03 39.1 28 2.27�0.10 0.731�0.32
work (1.52 �0.10) (1.10�0.07)

12-12-12 0.22�0.01 42.0 4.9 1.37�0.11 1.22�0.10
(0.91�0.11) (1.82� 0.22)

Monomeric

12SerTFAc [30] 1.9�0.1 29.0 55 4.2�0.1 0.40�0.01
DTAB [30] 14.3�0.4 39.0 579 2.9�0.01 0.57� 0.02

[a] All the surfactants possess Krafft temperatures (θKr) that are below room temperature. Surfactants (12Ser)2CON12 (11c) and
(12Ser)2COO12 (12c) show vesicle formation. [b] Values obtained with Gibbs prefactors n = 2 or, in parentheses, n = 3.
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Figure 1. Surface tension versus ln(concentration) curves for the
amide- and ester-type serine-based gemini surfactants, with m = 2
and m = 5 spacers; for comparison, the curves obtained for the
conventional bis-quat gemini 12-2-12 and 12-5-12 are also shown.
The cmc values are determined as demonstrated for 12-5-12.

For the conventional bis-quats, n = 2 implying ion paring
and dissociation of only one of the counterions from the
dicationic headgroup has often been used.[6,32] It has been
shown, however, that for a given family of gemini surfac-
tants, n has a subtle dependence both on chain length and
on spacer length and ranges from 2 to 3 (i.e., from ion par-
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Figure 2. Molecular structures of serine-based gemini surfactants with m = 5: (12Ser)2CON5 (11b), (12Ser)2COO5 (12b) and (12Ser)2N5,
conventional bis-quat 12-5-12, and monomeric surfactants 12SerTFAc and DTAB.

ing to complete dissociation).[32] For all gemini amphiphiles
we therefore present values of Γmax and as calculated with
both n = 2 and 3, assumed to be lower and upper limits for
the Gibbs prefactor.

Figure 3. Surface tension versus ln(concentration) curves for the
amide-, ester-, and amine-derived serine-based gemini surfactants
with m = 5 spacers; for comparison, values for bis-quat 12-5-12,
12SerTFAc, and DTAB are also shown. The cmc values are deter-
mined as demonstrated for DTAB.

Effect of Spacer Chain Length and Type of Linkage

The first point to highlight is that all the serine-based
gemini surfactants are soluble at room temperature – an
important aspect for any potential practical use. Secondly,
these surfactants display enhanced interfacial properties rel-
ative to the conventional bis-quats, because they have:
i) lower cmc values (2–3 times), ii) lower values (with the
exception of 12-2-12) for the surface tension at cmc (γcmc),
and iii) lower values for C20, the surfactant concentration
for which the surface tension of neat water is reduced by
20 mNm–1, at identical temperature. Moreover, the dimeric
amphiphiles show cmc values typically one order of magni-
tude lower than those for the monomeric homologues, im-
plying that the greater hydrophilicity conferred by the sec-
ond ionic headgroup is largely counterweighted by the in-
creased hydrophobicity conferred by the second alkyl chain

www.eurjoc.org © 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Org. Chem. 2013, 1758–17691762

(plus the hydrophobic spacer). As would be expected, γcmc

and C20 values for the dimeric surfactants are also much
lower than for their monomeric counterparts (in general,
including bis-quats). It should also be mentioned that some
of the cmc curves shown in Figure 3 feature a shallow mini-
mum near the inflection point, a characteristic often attrib-
uted to the presence of minute amounts of highly surface-
active impurities.[33] No trace of such presumed impurities
could be detected by the analytical methods used, however,
and furthermore this behavior (the presence of a shallow
dip) was reproduced with different batches prepared for the
same compound. Thus, although the values of the micelli-
zation parameters listed in Table 2 (namely cmc and γcmc)
for the compounds in question might be slightly affected
by this effect, the qualitative trends discussed above remain
unchanged.

Because the aggregation process is controlled by the
hydrophobic effect and because the headgroups are based
on the same amino acid, the cmc values in the three dif-
ferent series (amide, ester, and amine) would not be ex-
pected to be significantly affected by the specific nature of
the spacer linkage (Figure 3).

This is what is generally found on inspection of the val-
ues in Table 2. Surfactant (12Ser)2COO5 (12b), for instance,
has the lowest cmc (0.26 mmol kg–1), but this value is only
1.6 and 1.1 times smaller than the cmcs of (12Ser)2CON5
(11b) and (12Ser)2N5. Moreover, no particular cmc trend is
observed when m increases from 2 to 5. The argument is
also valid for the interfacial molecular areas, all of which
are in the 1.0–1.2 nm2 range (for Gibbs prefactors of 2).
These values are slightly higher than those for the conven-
tional bis-quats (0.5–1.2 nm2), which might be (at least par-
tially) explained by the larger sizes of the amino acid headg-
roups (serine residues) relative to trimethylammonium
headgroups.

However, a significant difference in solution behavior is
observed for the 12-methylene spacer compounds: whereas
(12Ser)2N12 yields a colorless micellar solution (with cmc
= 0.077 mmol kg–1), (12Ser)2CON12 (11c) and (12Ser)2-
COO12 (12c) form bluish turbid dispersions in which giant
vesicle aggregates are observed, as illustrated in the micro-
graphs shown in Figure 4 (obtained with video-enhanced
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high-contrast microscopy). Vesicles are observed even in
highly diluted samples (down to 0.5 mmolkg–1). Further-
more, dynamic surface tension effects are observed for these
solutions, preventing straightforward measurement of a
critical aggregation concentration. Further investigation
into these effects and characterization of the aggregation of
these surfactants is outside the scope of this work and will
be presented in a separate report.

Figure 4. Images of 2 mmol kg–1 aqueous dispersions of gemini
surfactants a) (12Ser)2CON12, and b) (12Ser)2COO12, obtained by
video-enhanced light microscopy with differential interference con-
trast, showing polydisperse populations of very large vesicles. The
inset in a) shows more complex vesicle structures, either multilam-
ellar or multivesicular aggregates.

The amide and ester surfactants thus behave in the cases
of the longest spacer (m = 12) as swelling bilayer-forming
surfactants, indicating self-assembling behavior fundamen-
tally different from that of the shorter spacer compounds
of the corresponding families, and also from that of the
amine homologue 12(Ser)2N12. This implies that in the case
of sufficiently long spacers, differences in the type of link-
age – between ester and amide surfactants on one hand,
and the amine surfactants on the other – emerge and affect
aggregation. One possible explanation is that the amide and
ester linkage groups now form part of the spacers between
the charged headgroups, imparting the molecules with ef-
fectively longer spacers than in the amine case (Figure 2)
and likely providing a slightly higher degree of conforma-
tional rigidity at the headgroup level. Overall, these effects
seem to endow (12Ser)2CON12 (11c) and (12Ser)2COO12
(12c) with packing parameters closer to 1 (favoring bi-
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layers), in contrast with (12Ser)2N12, which should be
around 0.3–0.5 (favoring micelles).

It should be pointed out that subtle spacer length effects
are common in gemini families.[6,10] For conventional bis-
quats of the m-s-m type, for instance, the cmcs vary in a
non-monotonic way as s increases between, say, 2 and 12,
attaining a maximum around s = 5 or 6.[6] Even though
intermediate spacers should make the molecules more
hydrophobic than short spacers, the fact is that the spacer
chain of the former is not long enough to flex into the mi-
cellar core and as a consequence an interfacial Gibbs energy
penalty arises, raising the cmc value. As the spacer chain
becomes longer, it can bend into the core more easily and
thus contribute to the hydrophobic effect proper. This be-
havior has been reported for conventional bis-quats,[6,34]

and similar trends were also observed for arginine-based
surfactants.[35] In our case, the limited numbers of spacers
in each series do not allow for the establishment of such
trends, but what is clearly borne out is the “uniqueness” of
aggregation for m = 12 in the amide and ester families.

Cytotoxicity Profiles

The cytotoxicities of all the serine-based gemini surfac-
tants (with amine, amide, and ester linkages) in a human
cell line (HeLa cells) were evaluated in aqueous solution at
physiological pH by the colorimetric Alamar blue assay.
This assay measures the redox capacities of the cells due to
the production of metabolites as a result of cell growth and
allows determination of viability over the period of culture
without the detachment of adherent cells. The toxicities of
the surfactants at different concentrations were evaluated
after 4, 8, or 24 hours of incubation. The influences both
of the main alkyl chain lengths and of the nature of the
spacer linkages on the cytotoxic profiles were evaluated.

Influence of the Alkyl Chain Lengths

For this study, previously synthesized[29] surfactants of
the amine series – (nSer)2Nm – with five-carbon-atom spa-
cers (m = 5) and variable alkyl chain lengths (n = 12, 14,
16 and 18 C atoms) were chosen. As the surfactant concen-
trations increase, cell viabilities decrease and typical sig-
moidal dose/response curves are obtained on plotting the
percentages of cytotoxicity against surfactant concentra-
tions, as demonstrated for (18Ser)2N5 in Figure 5.

The dose/response curves for all the amine surfactants
shift to lower concentrations as the exposure times increase,
reflecting progressive enhancements of surfactant cytotox-
icities (Figure 5). As a consequence, the concentration
thresholds below which there is no detectable response,
known as NOELs (no observed effect levels), also shift to
lower values. After 4 h of cell exposure to all the surfactants
of the amine series, no significant changes in cell viability
are detectable at concentrations of up to 100 μm, but after
24 h of incubation the NOELs are lowered by more than
two orders of magnitude [e.g., 18(Ser)2N5, Figure 5]. As can
be seen in Figure 6, for a 4 h incubation period, surfactant
cytotoxicities show a dependence on main alkyl chain
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Figure 5. Percentages of cytotoxicity (cell death) induced in HeLa
cells by the amine serine-based gemini surfactant (18Ser)2N5, after
different cell exposure times: 4 h (black filled circle line), 8 h (black
open square line), and 24 h (gray triangle line).

length: between C12 and C16, the longer the chain length
the more cytotoxic the surfactant, but for C18 the cytotox-
icity drops. Similar trends are observed for 8 and 24 h.

Figure 6. Cytotoxicities induced in HeLa cells by serine-derived
gemini surfactants (amine series) with variable hydrocarbon chain
lengths, after 4 h of exposure: (12Ser)2N5 (black filled circle line),
(14Ser)2N5 (black open square line), (16Ser)2N5 (gray triangle
line), and (18Ser)2N5 (gray open upside down triangle line).

To make comparisons easier, median toxic doses (TC50

values) can be determined from dose/response curves, de-
fined as the surfactant concentrations at which cell viability
reaches 50% of that of a control culture (without surfac-
tant). This parameter is determined by interpolation in the
dose/response curve that shows the best fit to the experi-
mentally measured points.

TC50 values for the different surfactants of the amine
series, at different exposure times (Table 3), range from
15.7 μm to 1124 μm and clearly reflect the increases in cyto-
toxicity with increasing incubation times for all surfactants.
Moreover, it is noticeable that an increase in chain length
from 12 to 16 C atoms promotes a parallel TC50 decrease
(Table 3 and Figure 6). If it is assumed that longer hydro-
carbon chains endow surfactants with higher hydrophobic-
ities and, therefore, enhanced propensities to incorporate
into the lipid bilayers of cell membranes, greater disturb-
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ance of membrane-mediated physiological processes would
be expected from those surfactants, resulting in more severe
toxic outcomes for the cells.[36] At 4 and 24 h of incubation,
the C18 surfactant shows lower cytotoxicity (higher TC50)
than the C16 one.

Table 3. Serine-based gemini surfactant concentrations necessary
to promote 50% toxicity in cultured HeLa cells (TC50 values).

Surfactant TC50/μm[a]

4 h 8 h 24 h

amine series (12Ser)2N5 1038 522 253
(14Ser)2N5 889 729 40.2
(16Ser)2N5 606 410 7.65
(18Ser)2N5 1124 384 15.7

amide series (12Ser)2CON5 668 387 15.2
(11b)

ester series (12Ser)2COO5 882 1251 19.5
(12b)

conventional 12-5-12 0.963 6.29 6.83�10–3

bis-quat
monomeric 12SerTFAc 0.767 4.47 10.3

DTAB 102.0 43.4 177.0

[a] The results presented are derived from at least three independent
experiments performed in triplicate.

The cutoff effect is a well-known effect for series of
alcohols with increasing chain length. The cutoff point is
defined as the point at which biological potency reaches a
maximum value and then starts to decline with further in-
creases in molecular size.[37] In the case of alcohols, this
phenomenon has been explained in terms of membrane ef-
fects. Above the cutoff point, the chain length could be the
one that better resembles the fatty acyl chain lengths of
native membrane lipids, meaning that the foreign com-
pound ceases to perturb membrane physical properties or
even modifies them in an opposite way. A similar effect
might also be present in the cytotoxicities exerted by amine
gemini surfactants, with n = 16 being the cutoff point. We
note that long-chain fatty alcohols with more than 17 car-
bon atoms have also been reported to lose their effect on
cell viability of Staphylococcus aureus.[38]

Influence of the Nature of the Spacer Linkages

For this study, surfactants with alkyl chains of 12 carbon
atoms in length and spacers of five carbon atoms were se-
lected from each series (amine, amide, and ester series). At
all exposure times, the cytotoxicity displayed by a surfac-
tant with the amide linkage is higher than that of its amine
series counterpart. This is illustrated in Figure 7 for 4 and
24 h, and is reflected in the corresponding TC50 values for
the different incubation times (Table 3).

After 4 and 24 h, the ester surfactant shows intermediate
TC50 values with respect to the other surfactants. At low
concentrations, the ester surfactant induces lower levels of
viability loss than the other surfactants, but at high concen-
trations the opposite trend is observed, as illustrated in Fig-
ure 7 (a) at 4 h incubation. Comparison of the 4 h and 24 h
points shows that the differences between the cytotoxicities
of the different surfactants become more evident at the
longer incubation time (Figure 7, b). On the other hand,
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Figure 7. Cytotoxicities induced in HeLa cells after a) 4 h or b) 24 h
of cell exposure to serine-based gemini surfactants: (12Ser)2N5,
(gray triangle line), (12Ser)2COO5 (12b, black square line), and
(12Ser)2CON5 (11b, black circle line).

whereas the dose/response curve for (12Ser)2N5 shows a
modest shift to lower concentrations as the cell exposure
time increases from 4 to 24 h, more pronounced shifts are
observed under the same conditions for (12Ser)2CON5
(11b) and (12Ser)2COO5 (12b). The influence of exposure
time on cytotoxicity is particularly evident if the NOELs
for the different situations are taken into account: whereas
these values at 4 h are approximately 100 μm for all the
surfactants, they decrease by four and six orders of magni-
tude for the ester and amide surfactants, respectively, at
24 h.

A significant aspect, apparent in Figure 7, is that even
though all the surfactants exhibit typical sigmoidal dose/
response curves, their profiles clearly vary with the chemical
nature of their spacer linkages. This suggests that different
mechanisms of toxicity might be involved. Surfactants of
the amine series seem to exert a potent single effect at high
concentrations (higher than 100 μm), presumably involving
interference with a vital metabolic function, as reflected by
the steep slope of the dose/response curve (especially evi-
dent at 24 h). In contrast, the ester and, in particular, amide
surfactants appear to induce less specific toxic effects on
the cells after 24 h, probably involving a large spectrum of
variables. This is apparent from the fact that their dose/
response curves are shallower and expand from the highest
to the lowest toxicity levels over a wider concentration
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range. These results highlight the importance of taking
dose/response curve profiles into account for in-depth char-
acterization of the toxicity of a compound and of per-
forming comparisons between structurally similar com-
pounds. Although the TC50 values for the surfactants con-
taining the amide and ester bonds after 24 hours of incu-
bation are similar (15.2 μm and 19.5 μm, respectively), for
example, the amide surfactant shows much higher toxicity
than the ester surfactant at low concentrations (Figure 7,
b).

Possible explanations for the above effects could lie in
different susceptibilities of the compounds either to chemi-
cal degradation upon pH changes (pH is known to decrease
in metabolically active cells) or to enzymatic degradation.
It has been reported that surfactants with cleavable bonds
(i.e., amide and ester) can easily undergo enzymatic degra-
dation.[39–42] The higher toxicities displayed by the amide
and ester surfactants could then be the result of the break-
ing of the gemini molecule (at the spacer linkage) into two
molecules of monomeric serine-derived surfactant, which
would double the effective surfactant concentration of cat-
ionic surfactant in contact with the cells. Indirect support
for this explanation can be seen in Table 3, in which the
TC50 value for the C12 monomeric serine-derived surfac-
tant used as control, 12SerTFAc, is found to be very similar
to those for (12Ser)2CON5 (11b) and (12Ser)2COO5 (12b)
after 24 h of incubation. For the amine surfactants this pro-
cess is not possible, because there are no easily cleavable
bonds at the headgroup level.

Parallel studies on cytotoxic behavior were also per-
formed with two other surfactants – DTAB (a commercially
available and commonly used monomeric surfactant with a
12-carbon atom chain) and the conventional bis-quat 12-5-
12 – as controls. From the TC50 values it became apparent
that the serine-derived gemini surfactants used in this work
are much less toxic than any of the controls after 4 and 8 h
of incubation (Table 3). After 24 hours of cell exposure to
the compounds, however, almost all surfactants display
high toxicity, with the exceptions of (12Ser)2N5 (the least
toxic of all) and DTAB. The latter, although fairly toxic
after 4 or 8 h, becomes much less so after 24 h, which could
mean that cells (those continuing to proliferate after 4 and
8 h of incubation) became resistant to this compound.

Conclusions

Two different series of serine-based gemini surfactants
containing amide and ester linkages to their covalent spa-
cers have been successfully synthesized with good yields.
Data from surface tension measurements show that these
compounds display enhanced interfacial properties relative
to the homologous conventional bis-quats and monomeric
surfactants, behavior already observed for the homologous
serine derivatives of the amine series. The nature of the
spacer linkages (amine, amide, ester) have no significant ef-
fect on the surface and aggregation properties of the surfac-
tants when the number of methylene groups (m) in the spa-
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cers is two or five. For m = 12, however, the amide and
ester surfactants aggregate into bilayer structures (vesicles)
instead of micelles (the case for all the other serine-based
gemini surfactants studied).

Comparative in vitro studies with HeLa cells show that
the serine-based gemini surfactants also exhibit weaker
cytotoxic effects than conventional bis-quats and mono-
meric homologues, an important aspect in terms of poten-
tial biological applications. Here, surfactant chain length
and type of spacer linkage (in particular its proneness to
cleavage) have marked influences on the cytotoxicity pro-
files exhibited by the serine-based gemini compounds.

Experimental Section
General: The enantiomerically pure (l series) amino acid derivative
H-Ser(tBu)OH, N-[(1H-benzotriazol-1-yl)(dimethylamino)methyl-
ene]-N-methylmethanaminium tetrafluoroborate N-oxide (TBTU),
and benzotriazol-1-yloxy-tripyrrolidino-phosphonium hexafluoro-
phosphate (PyBOP) were purchased from Bachem (Switzerland).
Solvents (p.a. quality) and chemicals were obtained from Sigma–
Aldrich. Thin layer chromatography (TLC) aluminum foil plates
covered with silica 60 F254 (0.25 mm) and silica gel 60 (70–230 mesh
ASTM) for preparative column chromatography were from Merck
and SDS, respectively. 1H and 13C NMR spectra were recorded
with a Bruker Avance III 400 spectrometer. Chemical shifts (δ) are
presented in ppm from tetramethylsilane (TMS, 0 ppm) as internal
standard for CDCl3. Coupling constants (J) are in hertz (Hz). ESI
mass spectra were recorded with a Finnigan Surveyor instrument,
fitted with a Finnigan LCQ DECA XP MX mass detector (Finni-
gan Corp., San Jose, Calif. USA) and API (Atmospheric Pressure
Ionization) with an ESI interface (Electrospray Ionization). ESI-
TOF HRMS spectra were obtained with a Microtof apparatus. The
samples were analyzed by direct injection and the spectra were ob-
tained in positive mode (m/z 50–1000).

The conventional gemini surfactants ethanediyl-1,2-bis(dodecyldi-
methylammonium bromide), pentanediyl-1,2-bis(dodecyldimethyl-
ammonium bromide), and dodecanediyl-1,2-bis(dodecyldimethyl-
ammonium bromide), designated 12-2-12, 12-5-12, and 12-12-12,
respectively, were synthesized by the method reported by Menger[43]

and purified by recrystallization. Purities were confirmed by NMR
and mass spectroscopy, and further confirmed by the cmc values
obtained by surface tension, all in good agreement with values re-
ported in literature.[44]

For the surface tension measurements, a DCAT11 tensiometer
from Dataphysics Instruments GmbH was used (Wilhelmy plate
method). The temperature was kept constant at 25.0�0.1 °C with
a thermostatted Julabo water bath. Light micrographs were ob-
tained with an Olympus BX51 light microscope equipped with
differential interference contrast (DIC). The images were acquired
with an Olympus DP71 digital videocamera and processed by use
of the cellA software from the manufacturer.

HeLa cells (human epithelial cervical carcinoma cell line) were
maintained at 37 °C under CO2 (5%) in Dulbecco’s modified
Eagle’s medium-high glucose (DMEM-HG, Sigma, St. Louis,
MO), supplemented with heat-inactivated fetal bovine serum [10%
(v/v), FBS, Sigma], penicillin (100 UmL–1) and streptomycin
(100 μgmL–1). HeLa cells grown in monolayer were detached by
treatment with trypsin solution (0.25 %, Sigma). For in vitro cyto-
toxicity studies, HeLa cells (5�104) were seeded in medium (1 mL)
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in 48-well culture plates 24 h before treatment with the surfactant
solutions, and were used at 50–70% confluence.

The cytotoxicities induced by serine-based gemini surfactants in
HeLa cells were evaluated by a modified Alamar Blue colorimetric
assay, as described previously.[18] Briefly, the surfactant solutions in
OPTimem, in the concentration range of 1 nM to 10 mm, were
added to the cells 24 hours after seeding and the cultures were
incubated at 37 °C for 4, 8, or 24 hours. For each time point, a
solution (0.3 mL) of resazurin dye [1% (v/v)] in complete DMEM-
HG medium was added to each well. After 45 min of incubation
at 37 °C, 200 μL of the supernatant were collected from each well
and transferred to a 96-well plate. The absorbance was measured
with a SPECTRAmax PLUS 384 spectrophotometer (Molecular
Devices, Union City, CA) at 570 and 600 nm (supplier indication).
The percentage cytotoxicity for each surfactant concentration was
calculated according to Equation (3).

(3)

where the control refers to unexposed cells. The TC50 values were
determined at each time point from the plots of cytotoxicity data
against surfactant concentration, by interpolation.

Synthesis of N-Dodecyl-O-tert-butylserine (3): The alkyl chain was
introduced into the O-tert-butylserine derivative 1 by reductive am-
ination of dodecanal (2), by a previously reported method.[30]

White solid (60%). 1H NMR (CDCl3, 400 MHz): δ = 4.14 (br. s, 1
H, -NH-), 3.86 (dd, J = 10.0, 3.6 Hz, 1 H), 3.66 (dd, J = 10.0,
8.0 Hz, 1 H) 3.59 (dd, J = 8.0, 3.6 Hz, 1 H), 3.08–2.94 (m, 2 H),
1.78–1.64 (m, 2 H), 1.43–1.24 (br. s, 18 H), 1.21 (s, 9 H), 0.88 (t, J

= 6.8 Hz, 3 H) ppm. 13C NMR (CDCl3, 100 MHz): δ = 169.4, 74.0,
61.8, 59.2, 46.1, 31.7, 29.4, 29.3, 29.2, 29.1, 28.9, 27.0, 26.4, 25.8,
22.4, 13.8 ppm. MS (ESI, MeOH): calcd. 330.30 [M + H]+; found
330.20.

Synthesis of N-Dodecyl-N-methyl-O-tert-butylserine (4): The com-
pound was obtained by reductive amination of formaldehyde with
the previously synthesized precursor 3, by the following procedure:
formaldehyde solution (37wt.-%, 3.7 mmol) was added to a solu-
tion of N-dodecyl-O-tert-butylserine (3, 3.1 mmol) in 1,2-dichloro-
ethane (5 mL), followed by sodium triacetoxyborohydride
(7.8 mmol, 1.6 g). The mixture was stirred at room temp. for six
hours and quenched with water, and the product was extracted with
dichloromethane (3� 10 mL). The dichloromethane layer was
dried (Na2SO4), and after removal of the solvent, product 4 was
obtained as a colorless oil (90%).

N-Dodecyl-N-methyl-O-tert-butylserine (4): Colorless oil (90%). 1H
NMR (CDCl3/CD3OD, 400 MHz): δ = 4.10 (d, J = 7.2 Hz, 1 H),
3.84–3.78 (m, 2 H), 3.20–3.14 (m, 2 H), 2.89 (s, 3 H), 1.80–1.66 (m,
2 H), 1.28–1.22 (m, 18 H), 1.18 (s, 3 H), 0.85 (t, J = 6.8 Hz, 3
H) ppm. 13C NMR (CDCl3/CD3OD, 100 MHz): δ = 167.5, 74.0,
68.2, 59.0, 55.3, 39.3, 31.8, 29.5, 29.4(6), 29.4, 29.3, 29.1, 27.3, 26.6,
22.6, 14.1 ppm. MS (ESI, MeOH): calcd. 344.32 [M + H]+; found
344.53.

Representative Procedure for the Introduction of the Spacers: The
synthesis of the dimeric precursors was carried out by the following
procedure, exemplified for compound 7a.

(2S,2�S)-N,N�-Ethane-1,2-diylbis[3-tert-butoxy-2-(dodecylmethyl-
amino)propanamide] (3a): N-Dodecyl-N-methyl-O-tert-butylserine
(1, 1.0 mmol) and DIEA (2.0 mmol) were dissolved in dichloro-
methane (10 mL). The solution was cooled to 0 °C, and TBTU
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(2.0 mmol) was added, followed by ethane-1,2-diamine (0.5 mmol).
The reaction was allowed to proceed at room temp. for 4 days.
The solution was washed successively with aqueous HCl (1%, 3�

10 mL), saturated aqueous NaHCO3 (3� 10 mL), and water (3 �

10 mL). The dichloromethane extracts were dried (Na2SO4) and
the solvent was evaporated. The crude product was subjected to
column chromatography on silica gel (hexane/ethyl acetate 6:1, then
hexane/ethyl acetate 1:1) to yield the product as a colorless oil
(47%). 1H NMR (CDCl3, 400 MHz): δ = 7.65 (br. s, 2 H), 3.86
(dd, J = 10.0, 4.0 Hz, 2 H), 3.63 (dd, J = 9.8, 7.4 Hz, 2 H), 3.40–
3.28 (m, 4 H), 3.23 (dd, J = 7.2, 4.0 Hz, 2 H), 2.63–2.48 (m, 4 H),
2.31 (s, 6 H), 1.50–1.37 (m, 4 H), 1.34–1.20 (br. s, 36 H), 1.17 (s,
18 H), 0.87 (t, J = 6.8 Hz, 6 H) ppm. 13C NMR (CDCl3, 100 MHz):
δ = 172.8, 72.9, 67.5, 59.3, 55.8, 38.8, 38.1, 31.8, 29.6, 29.5, 29.3,
28.0, 27.4, 27.3, 22.6, 14.0 ppm. MS (ESI, MeOH): calcd. 711.66
[M + H]+; found 711.66.

(2S,2�S)-N,N�-Pentane-1,5-diylbis[3-tert-butoxy-2-(dodecylmethyl-
amino)propanamide] (7b): Colorless oil (42%). 1H NMR (CDCl3,
400 MHz): δ = 7.45 (br. s, 2 H), 3.88 (dd, J = 10.0, 4.0 Hz, 2 H),
3.65 (dd, J = 10.0, 7.2 Hz, 2 H), 3.35–3.15 (m, 6 H), 2.62–2.50 (m,
4 H), 2.34 (s, 6 H), 1.59–1.43 (m, 8 H), 1.42–1.24 (br. s, 38 H), 1.18
(s, 18 H), 0.89 (t, J = 6.8 Hz, 6 H) ppm. 13C NMR (CDCl3,
100 MHz): δ = 172.1, 73.0, 67.8, 59.5, 55.6, 38.7, 38.3, 31.9, 29.6
(5), 29.6 (2), 29.5, 29.4, 29.3, 27.9, 27.4, 27.3, 24.3, 22.7, 14.1 ppm.
MS (ESI, MeOH): calcd. 753.2 [M + H]+; found 753.9.

(2S,2�S)-N,N�-Dodecane-1,12-diylbis[3-tert-butoxy-2-(dodecylmeth-
ylamino)propanamide] (7c): Colorless oil (56%). 1H NMR (CDCl3,
400 MHz): δ = 7.43 (br. s, 2 H), 3.89 (dd, J = 10.0, 4.0 Hz, 2 H),
3.65 (dd, J = 10.0, 7.2 Hz, 2 H), 3.30–3.13 (m, 6 H), 2.65–2.28 (m,
4 H), 2.34 (s, 6 H), 1.55–1.40 (m, 8 H), 1.38–1.21 (br. s, 52 H), 1.19
(s, 18 H), 0.89 (t, J = 6.8 Hz, 6 H) ppm. 13C NMR (CDCl3,
100 MHz): δ = 172.1, 72.9, 67.9, 59.5, 55.5, 38.9, 38.2, 31.9, 29.7,
29.6 (3), 29.6 (0), 29.3, 27.9, 27.4, 27.3, 27.0, 22.7, 14.1 ppm. MS
(ESI, MeOH): calcd. 851.40 [M + H]+; found 851.70.

(2S,2�S)-N,N�-Ethane-1,2-diylbis[3-tert-butoxy-2-(dodecylmethyl-
amino)propanoate] (8a): Colorless oil (40 %). 1H NMR (CDCl3,
400 MHz): δ = 4.34 (s, 4 H), 3.73 (t, J = 8.2 Hz, 2 H), 3.55 (dd, J

= 8.4, 5.2 Hz, 2 H), 3.47 (dd, J = 7.2, 5.6 Hz, 2 H), 2.60–2.44 (m,
4 H), 2.35 (s, 6 H), 1.52–1.40 (m, 4 H), 1.35–1.22 (br. s, 36 H), 1.17
(s, 18 H), 0.89 (m, 3 H) ppm. 13C NMR (CDCl3, 100 MHz): δ =
170.9, 73.1, 66.5, 61.8, 61.1, 55.1, 39.0, 31.8, 29.6, 29.3, 27.9, 27.3,
27.2, 22.6, 14.0 ppm. MS (ESI, MeOH): calcd. 713.64 [M + H]+;
found 713.87.

(2S,2�S)-N,N�-Pentane-1,5-diylbis[3-tert-butoxy-2-(dodecylmethyl-
amino)propanoate] (8b): Colorless oil (37 %). 1H NMR (CDCl3,
400 MHz): δ = 4.18–4.10 (m, 4 H), 3.72 (t, J = 8.2 Hz, 2 H), 3.54
(dd, J = 8.4, 5.2 Hz, 2 H), 3.43 (dd, J = 8.2, 5.2 Hz, 2 H), 2.58–
2.42 (m, 4 H), 2.34 (s, 6 H), 1.75–1.66 (m, 4 H), 1.52–1.40 (m, 6
H), 1.27 (br. s, 36 H), 1.17 (s, 18 H), 0.89 (t, J = 6.8 Hz, 6 H) ppm.
13C NMR (CDCl3, 100 MHz): δ = 171.4, 73.1, 66.6, 63.7, 61.2,
55.2, 39.2, 31.9, 29.7, 29.6 (2), 29.6, 29.3, 28.4, 27.9, 27.4, 27.3,
22.7, 14.1 ppm. MS (ESI, MeOH): calcd. 755.21 [M + H]+; found
755.73.

(2S,2�S)-N,N�-Dodecane-1,12-diylbis[3-tert-butoxy-2-(dodecylmeth-
ylamino)propanoate] (8c): Colorless oil (43%). 1H NMR (CDCl3,
400 MHz): δ = 4.12 (t, J = 6.8 Hz, 2 H), 3.72 (t, J = 8.2 Hz, 2 H),
3.53 (dd, J = 8.4, 5.2 Hz, 2 H), 3.42 (dd, J = 8.0, 5.2 Hz, 2 H),
2.58–2.40 (m, 4 H), 2.34 (s, 6 H), 1.70–1.60 (m, 4 H), 1.53–1.40 (m,
6 H), 1.40–1.20 (m + br. s, 50 H), 1.17 (s, 18 H), 0.88 (t, J = 6.8 Hz,
6 H) ppm. 13C NMR (CDCl3, 100 MHz): δ = 171.4, 73.0, 66.6,
64.1, 61.2, 55.3, 39.1, 31.9, 29, 6 (4), 29.6, 29.5 (3), 29.5, 29.3, 29.2,
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28.8, 27.8, 27.3 (4), 27.3, 26.0, 22.6, 14.1 ppm. MS (ESI, MeOH):
calcd. 853.80 [M + H]+; found 854.53.

Methylation of Non-Ionic Gemini Precursors: The methylation of
gemini precursors 9 and 10 was carried out with iodomethane by
an already described procedure.[29]

N,N�-Ethane-1,2-diylbis[(1S)-1-carbamoyl-2-tert-butoxyethyl-N-do-
decyl-N,N-dimethylammonium] Diiodide (9a): Yellow oil (90%). 1H
NMR (CDCl3, 400 MHz): δ = 8.89 (sl, 2 H), 4.96 (dd, J = 9.6,
3.6 Hz, 2 H), 3.96 (dd, J = 12.2, 9.8 Hz, 2 H), 3.86–3.75 (m, 2 H),
3.82 (dd, J = 12.4, 3.6 Hz, 2 H), 3.65–3.45 (m, 6 H), 3.35 (s, 12 H),
1.95–1.72 (m, 4 H), 1.38–1.12 (sl, 54 H), 0.83 (t, J = 6.8 Hz, 6
H) ppm. 13C NMR (CDCl3, 100 MHz): δ = 164.7, 75.3, 71.8, 65.6,
59.5, 51.5, 49.7, 39.0, 31.7, 29.3, 29.2, 29.1, 28.9, 27.1, 26.2, 22.6,
22.6, 13.9 ppm. MS (ESI, MeOH): calcd. 867.80 [M]+; found
867.53.

N,N�-Pentane-1,5-diylbis[(1S)-1-carbamoyl-2-tert-butoxyethyl-N-do-
decyl-N,N-dimethylammonium] Diiodide (9b): Yellow oil (95%). 1H
NMR (CDCl3, 400 MHz): δ = 8.70 (sl, 2 H), 5.21 (dd, J = 9.6,
3.6 Hz, 2 H), 4.04 (dd, J = 12.2, 9.8 Hz, 2 H), 3.94 (dt, J = 12.4,
5.2 Hz, 2 H), 3.77 (dd, J = 12.0, 3.6 Hz, 2 H), 3.59 (dt, J = 12.3,
4.9 Hz, 2 H), 3.56–3.30 (m, 2 H), 3.40 and 3.38 (2� s, 12 H), 3.23–
3.13 (m, 2 H), 1.95–1.80 (m, 6 H), 1.70–1.50 (m, 4 H), 1.25 (sl, 36
H), 1.24 (s, 18 H), 0.87 (t, J = 6.8 Hz, 6 H) ppm. 13C NMR (CDCl3,
100 MHz): δ = 165.2, 74.3, 65.1, 59.6, 50.2, 49.8, 39.0, 31.9, 29.5,
29.4, 29.3, 29.0, 27.6, 26.2, 23.4, 22.6, 22.4, 14.1 ppm. MS (ESI,
MeOH): calcd. 909.66 [M]+; found 910.47.

N,N�-Dodecane-1,12-diylbis[(1S)-1-carbamoyl-2-tert-butoxyethyl-
N-dodecyl-N,N-dimethylammonium] Diiodide (9c): Yellow oil
(89%). 1H NMR (CDCl3, 400 MHz): δ = 8.74 (t, J = 5.6 Hz, 2 H),
5.31 (dd, J = 9.6, 3.2 Hz, 2 H), 4.10–3.88 (m, 4 H), 3.71 (dd, J =
12.4, 3.6 Hz, 2 H), 3.49 (dt, J = 12.1, 5.3 Hz, 2 H), 3.34 and 3.32
(2� s, 12 H), 3.29–3.10 (m, 4 H), 1.90–1.75 (m, 4 H), 1.61–1.50
(m, 4 H), 1.34–1.16 (m + br. s, 52 H), 1.19 (s, 18 H), 0.83 (t, J =
6.8 Hz, 6 H) ppm. 13C NMR (CDCl3, 100 MHz): δ = 164.2, 75.4,
72.2, 64.8, 59.6, 50.1, 49.6, 39.7, 31.7, 29.4, 29.3, 29.2 (4), 29.2,
28.9, 28.6, 27.1, 26.9, 26.5, 22.7, 22.5, 14.0 ppm. MS (ESI, MeOH):
calcd. 1007.77 [M]+; found 1008.13.

N,N�-Ethane-1,2-bis[(1S)-1-oxycarbonyl-2-tert-butoxyethyl-N-dode-
cyl-N,N-dimethylammonium] Diiodide (10a): Yellow oil (80 %). 1H
NMR (CDCl3, 400 MHz): δ = 5.57–5.53 (m, 1 H), 5.47–5.10 (m, 1
H), 4.82–4.69 (m, 6 H), 3.95–3.80 (m, 2 H), 3.78–3.67 (m, 2 H),
3.54 and 3.53 (2� s, 12 H), 1.95–1.80 (m, 4 H), 1.44–1.34 (m, 8
H), 1.27 (br. s, 28 H), 1.22 (s, 18 H), 0.90 (t, J = 6.8 Hz, 6 H) ppm.
13C NMR (CDCl3, 100 MHz): δ = 165.2 (4), 165.2 (1), 75.19, 72.59,
72.28, 65.6, 65.5, 63.4, 63.1, 58.9, 51.6, 51.4, 51.1, 51.0, 31.8, 29.5,
29.4, 29.3, 29.1, 27.2, 26.3, 23.0, 22.6, 14.1 ppm. MS (ESI, MeOH):
calcd. 869.58 [M]+; found 871.07.

N,N�-Pentane-1,5-diylbis[(1S)-1-oxycarbonyl-2-tert-butoxyethyl-N-
dodecyl-N,N-dimethylammonium] Diiodide (10b): Yellow oil (86%).
1H NMR (CDCl3, 400 MHz): δ = 5.46–5.24 (m, 2 H), 4.42–4.28
(m, 2 H), 4.02–4.18 (m, 6 H), 3.90–3.81 (m, 2 H), 3.66–3.78 (m, 2
H), 3.49 (br. s, 12 H), 1.94–1.65 (m, 8 H), 1.62–1.52 (m, 2 H), 1.38–
1.20 (m + br. s, 36 H), 1.16 (s, 18 H), 0.85 (t, J = 6.8 Hz, 6 H) ppm.
13C NMR (CDCl3, 100 MHz): δ = 165.3, 74.8, 71.7, 66.2, 65.4,
58.9, 51.0, 50.9, 50.8 (7), 50.8, 31.7, 29.4, 29.2, 29.1, 28.9, 27.9,
27.0, 26.1, 22.8, 22.4, 13.9 ppm. MS (ESI, MeOH): calcd. 911.63
[M]+; found 911.33.

N,N�-Dodecane-1,12-diylbis[(1S)-1-oxycarbonyl-2-tert-butoxyethyl-
N-dodecyl-N,N-dimethylammonium] Diiodide (10c): Yellow oil
(90%). 1H NMR (CDCl3, 400 MHz): δ = 5.18–5.04 (m, 2 H), 4.24–
4.12 (m, 8 H), 3.94–3.70 (m, 8 H), 3.54 and 3.51 (2� s, 12 H),
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1.90–1.60 (m, 8 H), 1.25 (br. s, 52 H), 1.20 (s, 18 H), 0.90–0.83 (m,
6 H) ppm. 13C NMR (CDCl3, 100 MHz): δ = 165.5, 75.0, 71.7 (3),
71.7, 66.9, 65.6, 59.0, 51.2, 50.9, 31.8, 29.5, 29.3 (3), 29.3, 29.2,
28.2, 27.1, 26.1, 25.7, 22.9, 22.5, 14.0 ppm. MS (ESI, MeOH):
calcd. 1009.74 [M]+; found 1010.10.

Removal of the tert-Butyl Group: The removal of the tert-butyl
group was performed with trifluoroacetic acid by an already de-
scribed procedure.[29]

N,N�-Ethane-1,2-diylbis[(1S)-1-carbamoyl-2-hydroxyethyl-N-dode-
cyl-N,N-dimethylammonium] Ditrifluoroacetate (11a): Colorless oil
(56%). 1H NMR (CDCl3, 400 MHz): δ = 9.43 (br. s, 2 H), 5.90 (br.
s, 2 H), 4.90–4.60 (m, 2 H), 4.30–4.05 (m, 4 H), 3.80–3.65 (m, 2
H), 3.55–3.35 (2� m, 6 H), 3.30 and 3.28 (2� s, 12 H), 1.81–1.62
(m, 4 H), 1.28 (br. s, 36 H), 0.87 (t, J = 6.6 Hz, 6 H) ppm. 13C
NMR (CDCl3, 100 MHz): δ = 165.7, 74.2, 65.2, 59.3, 50.2, 50.0,
38.6, 31.8, 29.5 (4), 29.5 (1), 29.4, 29.3, 26.2, 22.6, 22.4, 14.1 ppm.
HRMS (ESI, MeOH): calcd. 314.2928; found 314.2969.

N,N�-Pentane-1,5-diylbis[(1S)-1-carbamoyl-2-hydroxyethyl-N-dode-
cyl-N,N-dimethylammonium] Ditrifluoroacetate (11b): Colorless oil
(54%). 1H NMR (CDCl3, 400 MHz): δ = 8.94 (br. s, 2 H), 5.75 (br.
s, 2 H), 4.75–4.56 (m, 2 H), 4.39–4.22 (m, 2 H), 4.21–4.05 (m, 2
H), 3.85–3.68 (m, 2 H), 3.52–3.05 (m, 4 H), 3.29 (s, 12 H), 1.82–
1.68 (m, 4 H), 1.60–1.47 (m, 4 H), 1.30 (br. s, 38 H), 0.89 (t, J =
8.0 Hz, 6 H) ppm. 13C NMR (CDCl3, 100 MHz): δ = 165.2, 74.6,
65.1, 59.8, 50.1, 49.9, 38.9, 31.9, 29.5, 29.4, 29.3, 29.0, 27.6, 26.2,
23.4, 22.6, 22.4, 14.1 ppm. HRMS (ESI, MeOH): calcd. 335.3163;
found 335.3166.

N,N�-Dodecane-1,12-diylbis[(1S)-1-carbamoyl-2-hydroxyethyl-N-do-
decyl-N,N-dimethylammonium] Ditrifluoroacetate (11c): Colorless
oil (60%). 1H NMR (CDCl3, 400 MHz): δ = 8.91 (br. s, 2 H), 4.88–
4.67 (m, 4 H), 4.28–4.15 (m, 2 H), 4.15–4.03 (m, 2 H), 3.77–3.65
(m, 2 H), 3.46–3.23 (m, 2 H), 3.27 (br. s, 12 H), 3.22–3.13 (m, 4
H), 1.84–1.65 (m, 4 H), 1.53–1.42 (m, 4 H), 1.23 (br. s, 48 H), 0.85
(t, J = 7.0 Hz, 6 H) ppm. 13C NMR (CDCl3, 100 MHz): δ = 165.0,
74.3, 65.4, 60.1, 50.6, 49.7, 39.6, 31.8, 29.5 (1), 29.5, 29.3, 29.2 (4),
29.2, 29.1 (1), 29.1, 28.9, 28.7, 26.7, 26.2, 22.6, 22.4, 14.0 ppm.
HRMS (ESI, MeOH): calcd. 384.3711; found 384.3711.

N,N�-Ethane-1,2-diylbis[(1S)-1-oxycarbonyl-2-hydroxyethyl-N-do-
decyl-N,N-dimethylammonium] Ditrifluoroacetate (12a): Colorless
oil (70%). 1H NMR (CDCl3, 400 MHz): δ = 4.54–4.68 (m, 2 H),
4.66–4.52 (m, 4 H), 4.48–4.36 (m, 4 H), 4.36–4.28 (m, 2 H), 3.72–
3.63 (m, 2 H), 3.62–3.50 (m, 2 H), 3.47 and 3.36 (s + br. s, 12 H),
1.83–1.64 (m, 4 H), 1.27 (br. s, 36 H), 0.90 (t, J = 6.8 Hz, 6 H) ppm.
13C NMR (CDCl3, 100 MHz): δ = 165.9, 73.8, 65.3, 63.4, 58.3,
50.5, 50.4, 50.3, 50.2, 31.9, 29.6, 29.4, 29.3 (2), 29.3, 29.0, 26.2,
22.6, 22.5, 14.1 ppm. HRMS (ESI, MeOH): calcd. 315.2768; found
315.2783.

N,N�-Pentane-1,5-diylbis[(1S)-1-oxycarbonyl-2-hydroxyethyl-N-do-
decyl-N,N-dimethylammonium] Ditrifluoroacetate (12b): Colorless
oil (40%). 1H NMR (CDCl3, 400 MHz): δ = 5.20–4.80 (m, 2 H),
4.65–4.60 (m, 2 H), 4.46–4.26 (m, 4 H), 4.25–4.12 (m, 4 H), 3.82–
3.64 (m, 2 H), 3.60–3.44 (m, 2 H), 3.39 and 3.35 (2� br. s, 12 H),
1.88–1.64 (m, 8 H), 1.62–1.48 (m, 2 H), 1.38–1.20 and 1.27 (m +
br. s, 36 H), 0.89 (t, J = 7.0 Hz, 6 H) ppm. 13C NMR (CDCl3,
100 MHz): δ = 166.1, 73.8, 66.3, 65.4, 58.7, 50.8, 50.2, 31.9, 29.5,
29.4, 29.3, 29.0, 27.4, 26.1, 22.6, 14.1 ppm. HRMS (ESI, MeOH):
calcd. 336.3003; found 336.2998.

N,N�-Dodecane-1,12-bis[(1S)-1-oxycarbonyl-2-hydroxyethyl-N-do-
decyl-N,N-dimethylammonium] Ditrifluoroacetate (12c): Colorless
oil (44 %). 1H NMR (CDCl3, 400 MHz): δ = 4.94–4.66 (m, 2 H),
4.47 (br. s, 2 H), 4.36–4.15 (m, 8 H), 3.69–3.57 (m, 2 H), 3.53–3.42
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(m, 2 H), 3.36 (br. s, 12 H), 1.83–1.71 (m, 2 H), 1.70–1.58 (m, 6
H), 1.25 (br. s, 52 H), 0.85 (t, J = 6.8 Hz, 6 H) ppm. 13C NMR
(CDCl3, 100 MHz): δ = 167.0, 73.2, 67.0, 66.0, 58.7, 51.2, 50.0,
31.8, 29.5, 29.4, 29.3, 29.1, 29.0, 28.9 (2), 28.9, 28.1, 26.1, 25.5,
22.6, 22.4, 14.0 ppm. HRMS (ESI, MeOH): calcd. 385.3551; found
385.2559.

Supporting Information (see footnote on the first page of this arti-
cle): NMR and HRMS spectra of the final compounds.

Acknowledgments

The authors gratefully acknowledge the Portuguese Science Foun-
dation (FCT) and FEDER-Compete for financial support through
research projects PTDC/QUI-QUI/115212/2009 and PTDC/QUI-
BIQ/103001/2008 and through the re-equipment program REDE/
1517/RMN/2005. M. L. C. V. and E. F. M. are also grateful to the
Centro de Investigação em Química da Universidade do Porto
(CIQUP) for financial support through project Pest/C-QUI/
UI0081/2011. S. G. S. and A. M. S. C. acknowledge financial sup-
port from FCT and the European Social Fund (ESF), under the
Community Support Framework (CFS) through PhD grants
SFRH/BD/61193/2009 and SFRH/BD/63288/2009, respectively.

[1] K. Holmberg, B. J. B. Kronberg, B. Lindman, Surfactants and
Polymers in Aqueous Solution, 2nd ed., Wiley, Chichester, UK,
2002.

[2] D. Myers, Surfactant Science and Techonology, VCH Publish-
ers, New York, New York, 1988.

[3] D. F. Evans, H. Wennerström, The Colloidal Domain: Where
Physics, Chemistry, Biology, and Technology Meet, 2nd ed.,
Wiley-VCH, Weinheim, Germany, 1999.

[4] P. Van der Voort, M. Mathieu, F. Mees, E. F. Vansant, J. Phys.
Chem. B 1998, 102, 8847.

[5] F. M. Menger, J. S. Keiper, Angew. Chem. 2000, 112, 1980; An-
gew. Chem. Int. Ed. 2000, 39, 1906.

[6] R. Zana, Adv. Colloid Interface Sci. 2002, 97, 205.
[7] A. J. Kirby, P. Camilleri, J. B. F. N. Engberts, M. C. Feiters,

R. J. M. Nolte, O. Söderman, M. Bergsma, P. C. Bell, M. L.
Fielden, C. L. García-Rodríguez, P. Guédat, A. Kremer, C.
McGregor, C. Perrin, G. Ronsin, M. C. P. van Eijk, Angew.
Chem. 2003, 115, 1486; Angew. Chem. Int. Ed. 2003, 42, 1448.

[8] A. Guerrero-Martínez, J. Pérez-Juste, E. Carbó-Argibay, G.
Tardajos, L. M. Liz-Marzán, Angew. Chem. 2009, 121, 9648;
Angew. Chem. Int. Ed. 2009, 48, 9484.

[9] R. Zana, Y. Talmon, Nature 1993, 362, 228.
[10] S. D. Wettig, R. E. Verrall, J. Colloid Interface Sci. 2001, 244,

377.
[11] C. Bombelli, L. Giansanti, P. Luciani, G. Mancini, Curr. Med.

Chem. 2009, 16, 171.
[12] F. M. Menger, J. S. Keiper, V. Azov, Langmuir 2000, 16, 2062.
[13] A. R. Tehrani-Bagha, H. Oskarsson, C. G. van Ginkel, K.

Holmberg, J. Colloid Interface Sci. 2007, 312, 444.
[14] A. Brun, G. Brezesinki, H. Möhwald, M. Blanzat, E. Perez, I.

Rico-Lattes, Colloids Surf. A 2003, 228, 3.
[15] I. Badea, R. Verrall, M. Baca-Estrada, S. Tikoo, A. Rosenberg,

P. Kumar, M. Foldvari, J. Gene Med. 2005, 7, 1200.
[16] C. Wang, X. Li, S. D. Wettig, I. Badea, M. Foldvari, R. E. Ver-

rall, Phys. Chem. Chem. Phys. 2007, 9, 1616.
[17] S. Bhattacharya, A. Bajaj, Chem. Commun. 2009, 4632.
[18] A. M. S. Cardoso, H. Faneca, J. A. S. Almeida, A. Pais, E. F.

Marques, M. C. P. de Lima, A. S. Jurado, Biochim. Biophys.
Acta 2011, 1808, 341.

[19] A. Colomer, A. Pinazo, M. A. Manresa, M. P. Vinardell, M.
Mitjans, M. R. Infante, L. Pérez, J. Med. Chem. 2011, 54, 989.

[20] D. B. Vieira, A. M. Carmona-Ribeiro, J. Antimicrob. Chem-
other. 2006, 58, 760.



Gemini Surfactants and Their Interfacial and Cytotoxic Properties

[21] G. Viscardi, P. Quagliotto, C. Barolo, P. Savarino, E. Barni, E.
Fisicaro, J. Org. Chem. 2000, 65, 8197.

[22] S. D. Wettig, R. E. Verrall, M. Foldvari, Curr. Gene Ther. 2008,
8, 9.

[23] K. Holmberg, Curr. Opin. Colloid Interface Sci. 2001, 6, 148.
[24] D. Blunk, P. Bierganns, N. Bongartz, R. Tessendorf, C. Stuben-

rauch, New J. Chem. 2006, 30, 1705.
[25] A. Colomer, A. Pinazo, M. T. Garcia, M. Mitjans, M. P. Vinar-

dell, M. R. Infante, V. Martinez, L. Perez, Langmuir 2012, 28,
5900.

[26] A. Pinazo, R. Pons, L. Pérez, M. R. Infante, Ind. Eng. Chem.
Res. 2011, 50, 4805.

[27] P. Yang, J. Singh, S. Wettig, M. Foldvari, R. E. Verrall, I. Ba-
dea, Eur. J. Pharm. Biopharm. 2010, 75, 311.

[28] J. Singh, P. Yang, D. Michel, R. E. Verrall, M. Foldvari, I. Ba-
dea, Curr. Drug Deliv. 2011, 8, 299.

[29] S. G. Silva, R. F. Fernandes, E. F. Marques, M. L. C. do Vale,
Eur. J. Org. Chem. 2012, 345.

[30] S. G. Silva, J. E. Rodríguez-Borges, E. F. Marques, M. L. C.
do Vale, Tetrahedron 2009, 65, 4156.

[31] R. O. Brito, E. F. Marques, S. G. Silva, M. L. do Vale, P.
Gomes, M. J. Araújo, J. E. Rodriguez-Borges, M. R. Infante,
M. T. Garcia, I. Ribosa, M. P. Vinardell, M. Mitjans, Colloids
Surf. B 2009, 72, 80.

[32] P. X. Li, C. C. Dong, R. K. Thomas, J. Penfold, Y. Wang,
Langmuir 2011, 27, 2575.

[33] K. Lunkenheimer, On the Problem of Surface-Chemical Purity
of Surfactants. Phenomena, Analysis, Results, Consequences and
Prospects, 2nd ed., Marcel Dekker, New York, 2002.

Eur. J. Org. Chem. 2013, 1758–1769 © 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjoc.org 1769

[34] E. Alami, H. Levy, R. Zana, A. Skoulios, Langmuir 1993, 9,
940.

[35] L. Pérez, A. Pinazo, M. R. Infante, R. Pons, J. Phys. Chem. B
2007, 111, 11379.

[36] J. A. S. Almeida, H. Faneca, R. A. Carvalho, E. F. Marques,
A. Pais, PLOS ONE 2011, 6, e26965.

[37] R. W. Peoples, C. Li, F. F. Weight, Annu. Rev. Pharmacol. Tox-
icol. 1996, 36, 185.

[38] N. Togashi, A. Shiraishi, M. Nishizaka, K. Matsuoka, K.
Endo, H. Hamashima, Y. Inoue, Molecules 2007, 12, 139.

[39] M. Donkuru, S. D. Wettig, R. E. Verrall, I. Badea, M. Fold-
vari, J. Mater. Chem. 2012, 22, 6232.

[40] J. Hoque, P. Kumar, V. K. Aswal, J. Haldar, J. Phys. Chem. B
2012, 116, 9718.

[41] J. Hoque, P. Akkapeddi, V. Yarlagadda, D. S. S. M. Uppu, P.
Kumar, J. Haldar, Langmuir 2012, 28, 12225.

[42] A. Tehrani-Bagha, K. Holmberg, Curr. Opin. Colloid Interface
Sci. 2007, 12, 81.

[43] F. M. Menger, C. A. Littau, J. Am. Chem. Soc. 1993, 115,
10083.

[44] H. D. Burrows, M. J. Tapia, C. L. Silva, A. A. C. C. Pais, S. M.
Fonseca, J. Pina, J. S. De Melo, Y. Wang, E. F. Marques, M.
Knaapila, A. P. Monkman, V. M. Garamus, S. Pradhan, U.
Scherf, J. Phys. Chem. B 2007, 111, 4401.

Received: October 20, 2012
Published Online: February 7, 2013



  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Graphical Abstract 

 

Serine-based Gemini Surfactants with Different Spacer Linkages: From Self-

Assembly to DNA Compaction Efficiency 

 

 

 

IV 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



FCUP 
RESULTS AND DISCUSSION 

179 

 

 

Serine-based Gemini Surfactants with Different Spacer 

Linkages: From Self-Assembly to DNA Compaction Efficiency 

 

S. G. Silva, I. S. Oliveira, M. L. C. do Vale and E. F. Marques  

 

Centro de Investigação em Química, Department of Chemistry and Biochemistry, Faculty of Science, 

University of Porto, Rua do campo Alegre s/n, P 4169-007 Porto, Portugal  

 

ABSTRACT 
 

The aqueous phase behavior of three different cationic serine-based gemini surfactants as well 

as their ability to compact DNA per se and mixed with a helper lipid, 1,2-dioleoyl-sn-glycero-3-

phosphoethanolamine (DOPE), have been studied. All the gemini compounds have two main 

12-carbon alkyl chains (linked to the nitrogen atom of the amino acid residue) and a 12-carbon 

alkyl spacer but differ in the nature of the bond to the spacer: for (12Ser)2N12, amine bond; for 

(12Ser)2CON12, amide bond; and for (12Ser)2COO12, ester bond. The assessment of the 

interfacial properties has been carried out by tensiometry. It has been found that when in 

aqueous solution, surfactant (12Ser)2N12 forms micelles, while (12Ser)2CON12 and 

(12Ser)2COO12 spontaneously form vesicles. Characterization of vesicle morphology, zeta 

potential and stability has been performed by light and scanning electron microscopies, and by 

dynamic light scattering. The interaction of the aggregates with DNA, at different charge ratios 

and in absence/presence of DOPE has been studied by means of dynamic light scattering 

measurements, fluorescence spectroscopy and cryo-SEM. All the compounds are shown to 

efficiently compact DNA (α > 90 %), but relevant differences are obtained in terms of size, zeta 

potential and stability of the lipoplexes formed. These differences are tentatively rationalized in 

terms of the headgroup differences of the compounds and the type of aggregates present prior 

to DNA condensation. 

 

1. INTRODUCTION 

In the last decades, cationic gemini surfactants have been investigated as non-

viral vectors for gene therapy.1-5 Their lower cmc values compared to those of 

the monomeric analogues allow gemini surfactants to self-assemble more 

readily in aqueous environments and bind or compact DNA with higher 

efficiency at lower concentrations.6 The enhanced performance of gemini  
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surfactants is attributed to the versatility provided by tailor-made variations in 

their molecular structure, namely in the length and nature of the lipophilic chains 

and spacer groups, and in the chemical nature of the headgroups.7-9  

Bis-quaternary ammonium salts (bis-quats) have been by far the most common 

type of gemini surfactants investigated.4,5,9-11 Their use in biomedical 

applications is, however, somewhat limited by their toxicity profiles.12 To 

overcome this issue, a great deal of effort has been devoted to the development 

of increasingly biofriendly and biocompatible amphiphiles. Thus, in recent years, 

a great deal of effort has been devoted to the development of increasingly 

gemini surfactants incorporating natural structural motifs, like carbohydrates and 

amino acids, have been designed and synthesized, with many of them showing 

attractive biological features.1,13,14 

 Cationic gemini surfactants are capable of binding DNA, forming complexes 

known as lipoplexes. The properties of the lipoplexes depend on the aggregate 

size of the surfactant, the ionic strength of the medium, the surfactant and DNA 

concentration, the surfactant/DNA charge ratio and the order of addition of the 

components.15-17 The efficiency of DNA complexation may be enhanced by 

addition of helper lipids, which provides a more even distribution of charge 

density between the cationic aggregates and DNA, leading in turn to a more 

complete and balanced compaction of DNA by the surfactants.18
 Furthermore 

helper lipids may enhance the stability of the lipoplexes, reduce the toxicity of 

cationic surfactants and help in membrane perturbation and fusion, thus 

increasing the transfection efficiency. The zwitterionic lipid DOPE, 1,2-dioleoyl-

sn-glycero-3-phosphoethanolamine, is often used as helper lipid.5,19 Upon 

endosomal compartmentalization, DOPE undergoes protonation and is thought 

to self-assemble into non-bilayer structures, thereby leading to the disruption 

and destabilization of the endosomal bilayer, which in turn results in the rapid 

release of DNA into the cytoplasm. 

In the present work, three serine-based gemini surfactants have been used to 

prepare cationic gene carriers, both individually and in combination with DOPE. The 

selected compounds possess 12-carbon alkyl chains linked to the nitrogen atoms of 

the amino acids and a 12-carbon spacer between the amine groups (amine linkage, 

fig. 1A) or the carboxylic acid groups (amide or ester bonds, fig. 1B, 1C). The  
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characterization of the interfacial and aggregation behavior of the single systems has 

been performed by surface tension measurements. To get further insight into the 

morphology of the serine and serine/DOPE (1:1) initial aggregates, dynamic light 

scattering (DLS), light and electron (cryo-SEM) microscopies were used. The efficiency 

of gemini and gemini/DOPE (1:1) aggregates to bind/compact DNA at various 

surfactant-to-DNA charge ratios (CR+/-), in the range of 1.0 – 12, was followed by DLS 

and quantified by fluorescence spectroscopy. The lipoplexes were also characterized 

by light and cryo-scanning electron microscopy.  

 

Figure 1. Molecular structure of serine-based gemini surfactants used in this study: A: (12Ser)2N12 – 

amine derivative; B: (12Ser)2CON12 – amide derivative and C: (12Ser)2COO12 – ester derivative. 

 

2. EXPERIMENTAL SECTION 

2.1 Materials General. The enantiomerically pure (L series) amino acid 

derivatives H-Ser(OtBu)-OMe and H-Ser(OtBu)-OH were purchased from 

Bachem (Switzerland) as well as the coupling agents N-[1H-benzotriazol-1-

yl)(dimethylamino)methylene]-N-methylmethan-aminiumtetrafluoro borate N-

oxide (TBTU) and benzotriazol-1-yloxy-tripyrrolidino-phosphonium hexafluoro 

phosphate (PyBOP). The lipid 1, 2-dioleoyl-sn-glycero-3-phosphoethanolamine 

(DOPE) used as helper in DNA compaction studies was supplied by Avanti 

Polar Lipids (Alabaster). Solvents (p.a. quality) and other chemicals were 

obtained from Sigma-Aldrich. Thin layer chromatography (TLC) aluminium foil 

plates covered with silica 60 F254 (0,25 mm) and silica-gel 60 (70-230 mesh  
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ASTM) for preparative column chromatography were from Merck and SDS, 

respectively. 1H NMR and 13C NMR spectra were recorded on a Bruker Avance 

III 400 spectrometer. ESI mass spectra were recorded on a Finnigan Surveyor 

instrument, equipped with mass detector Finnigan LCQ DECA XP MX (Finnigan 

Corp.San Jose, Calif. USA) and API (Atmospheric Pressure Ionization) using an 

ESI interface (Electrospray Ionization).  

Synthesis. The gemini surfactants A – dodecamethylene bis{N-(dodecyl)-N-[(2-

hydroxy-1-methyloxycarbonyl)ethyl]-N-(methyl)ammonium} bis(trifluoroacetate), 

B – N,N’-dodecamethylene-1,12-diyl-bis{N-[(1S)-(1-carbamoyl-2-hydroxy)ethyl]-

N-dodecyl-N,N-dimethyl ammonium} bis(trifluoroacetate) and C – O,O’-

dodecamethylene-1,12-diyl bis{N-[(1S)-(1-oxycarbonyl-2-hydroxy)ethyl]-N-

dodecyl-N,N-dimethylammonium} bis(trifluoroacetate) were synthesized as 

previously described. In the amine derivative the two N-dodecylserine residues 

are linked by amine covalent bonds to a 12-carbon methylene spacer. In what 

concerns to amide and ester derivatives, the 12-carbon spacer was introduced 

between the two carboxylic acid groups of the alkylated amino acid residues, 

through amide or ester bonds, respectively. The introduction of the spacers was 

performed by reductive amination (amine derivatives) or by peptide 

condensation methods (amide/ester derivatives). Transformation of the non-

ionic gemini precursors into the target gemini surfactants was achieved by 

reaction with iodomethane, followed by deprotection with trifluoroacetic acid. 

Details on the synthetic procedures, purification, and spectroscopic data can be 

found in previous publications.20,21 

 

2.2. Methods 

2.2.1 Sample preparation. Samples used in this work were prepared in two different 

ways. For the phase behavior studies, the compounds were dissolved in Milli-Q 

ultrapure water and the samples allowed to equilibrate for at least 24 hours at 25 ºC 

prior to observations and measurements. For the compaction studies, the samples 

were prepared by thin lipid film hydration. Gemini or gemini/DOPE (1:1) mixtures were 

dissolved in ethanol and dried under vacuum in a rotary evaporator (50 ºC during 45 

minutes). The dried lipid films were then hydrated with Milli-Q water at 35 ºC for 30  
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min, to a final concentration of 1 mM. This preparation technique yielded a  

polydisperse population of multilamellar and unilamellar vesicles. In order to make the 

vesicle size distribution more uniform and decrease the polydispersity, a sequential 

extrusion procedure was performed using a 10 mL stainless steel extruder (Lipex 

Biomembranes), inserted in a thermostated cell with re-circulating water bath. The 

vesicle dispersions were initially passed through a 600 nm (10 times) and then through 

a 200 nm (20 times) polycarbonate filter (Whatman, Nucleopore), under inert 

atmosphere. The vesicles thus prepared were left to rest during 24 hours. 

2.2.2 Lipoplex preparation. Lipoplexes were prepared at 25 ˚C by adding 

increasing volumes of cationic lipid solutions to 170 µL of salmon sperm DNA 

solution (10 mM PBS buffer solution), to obtain surfactant/DNA charge ratios 

from 0.5 to 12.  The surfactant-to-DNA charge ratio (CR+/-) is defined as: 

 groups   phosphateDNA  

 Gemini  x 2
 /-)( CR                  (1) 

The DNA concentration, expressed in mM base pairs, was determined by UV 

absorbance at 260 nm. The A260/A280 ratio was always between 1.8 and 1.9, 

indicating that there was no protein or RNA contamination.22 The lipoplexes 

were then incubated at room temperature, under stirring, for 15 min and the 

lipoplex solution was diluted with Milli-Q water to a final volume of 1 mL.  

 

2.2.3 Surface Tension. The surface tension of aqueous solutions of neat 

surfactants was measured in a Dataphysics DCAT11 tensiometer using the 

Wilhelmy plate method. The temperature was kept constant at 25.0 ± 0.2 ºC with 

a thermostated Jubabo water bath. The surfactant solutions used for the 

interfacial characterization were prepared on the same day of the experiment. 

Milli-Q water was used in all samples. 

 

2.2.4 Light Microscopy. An Olympus BX51 light microscope was used for 

phase scans of solid samples and high-contrast video-imaging of vesicle 

dispersions, using polarized light mode and bright field mode with differential 

interference contrast (DIC), respectively. In the phase scan studies, the solid is 

placed between the slide and the cover slip, and then a drop of water is placed  
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at one end of the cover slip and seeps slowly into the film. The images were  

acquired with an Olympus DP71 digital video-camera and processed using the 

CellA software from the manufacturer. 

 

2.2.5 Cryogenic Scanning Electron Microscopy (cryo-SEM). The sample 

imaging was performed using a JEOL JSM 6301F high resolution scanning 

electron microscope, equipped with a Gatan Alto 2500 preparation chamber. 

The sample is placed in a copper sample-holder and vitrified by plunging into 

liquid-nitrogen slush from room temperature (20 - 25ºC). The vitrified sample is 

then transferred to the preparation chamber to be,fractured, sublimated at – 95 

ºC (120 s) and then coated with Au/Pd (30 s). After this procedure, the sample is 

transferred to the scanning electron microscope for visualization.10 mM vesicle 

dispersions and 5 mM lipoplexe dispersions were used for observation under 

cryo-SEM. 

 

2.2.6 Dynamic Light Scattering (DLS). Particle size and zeta-potential (ζ-potential) 

were measured using a Malvern ZetaSizer Nano ZS particle analyzer, at 25 ˚C. 

Disposable polystyrene cuvettes for DLS and U-shaped ζ-potential were used. The 

Malvern Dispersion Technology Software (DTS) was used with multiple narrow mode 

(high resolution) data processing, and mean size (nm) and error values were 

considered. The mean diameters shown are an average of 5 measurements 

performed on each sample.  

 

2.2.7 Ethidium bromide exclusion assay. Fluorescence emission due to ethidium 

bromide (EtBr) from 510 to 700 nm was monitored in a Perkin Elmer Luminescence 

L550 spectrofluorimeter (excitation wavelength = 510 nm) immediately after addition of 

surfactant or surfactant/DOPE aggregates to pre-formed EtBr-DNA complexes. EtBr 

concentration was maintained six times lower than DNA concentration, to guarantee a 

proportional fluorescence decrease relative to the amount of cationic surfactant. The 

results were treated according to a procedure described by Silva et al.23,24 All 

emission spectra were integrated, and the ratio of the areas for the dye solutions and 

the standard was determined after subtraction of the solvent background. Each  
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fluorescence emission spectrum was fitted into a sum of two log-normal 

functions, corresponding to the two different environment states of the probe: 

intercalated in the DNA or dispersed in water. Considering that the fluorescence 

quantum yield of EtBr in the lipoplex remains constant for all the charge ratios, 

CRs (+/-), the percentage of complexed DNA (α) at any given CR (+/-)x can be 

obtained from the following expression:  

 

     

  
100

/

//










x

DNA
F

x
DNA
F

DNA
F

CRI

CRICRI
α

0
               (2) 

 

where   o
DNA
F CRI  /  and   x

DNA
F CRI  /  represent the total fluorescence 

intensities of EtBr in DNA before and after addition of aggregates at a specific CR (+/-), 

respectively. 

 

3. RESULTS AND DISCUSSION 

3.1 Physicochemical characterization of the surfactant-water systems  

3.1.1 Surface tension measurements. All the gemini surfactants are soluble in water 

at 25 ºC. The interfacial behavior of (12Ser)2CON12 and (12Ser)2COO12 in aqueous 

solution was thus studied by tensiometry at this temperature. The surface tension 

curves obtained are shown in fig. 2.  

 

These curves show a significant difference in behavior between the amide and ester 

compounds, on one hand, and the amine and bis-quat surfactants, on the other hand, 

which is in agreement with our previous observations concerning the self-assembling 

of these different compounds.20 In fact, prior to the surface tension plateau attributed to 

a critical aggregation concentration, the curves for the amide and ester compounds 

denote a smooth inflection point, in line with the behavior shown by some bilayer-

forming surfactants.25 Accordingly, the amide and ester surfactants behave as swelling 

surfactants that form vesicles in dilute solution (as will be shown below in more detail), 

while the amine homologue 12(Ser)2N12 is a micelle-forming one, similarly to the bis-

quat 12-12-12.  
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Figure 2. Surface tension versus ln(concentration) curves for the (12Ser)2CON12, (12Ser)2COO12 and (12Ser)2N12 

surfactants at 25 ºC. For comparison, the curve obtained for the  conventional bis-quat 12-12-12 is also shown. 

 

Table 1 shows the interfacial parameters determined from the surface tension curves, 

namely the critical aggregation concentration (cac) and minimum surface area per 

surfactant molecule (as), including those for 12Ser)2N12 and for 12-12-12, determined 

in previous works20. The cac values were determined as the break points in the γ 

versus ln (c) curves as illustrated in Fig. 2. The maximum surface excess and the 

minimum surface area per surfactant molecule, as, were calculated according to the 

following equations: 

Tp
mmTn

Γ

,

max
/( lnR 














1                                                (3) 

max ΓN
a

A

s

1
                                              (4) 

where R is the ideal gas constant, T is the absolute temperature, [∂γ /(∂ ln(m/mº) is the 

slope of the surface tension plot just below the cac, m is the surfactant molal 

concentration mo = 1 mmol·kg-1), and n is the Gibbs prefactor corresponding to the 

number of free chemical species at the interface. The value of n is commonly taken as 

2 for conventional bis-quats, because it is normally assumed that there is ion pairing 

and that only one of the counterions is dissociated from the ionic headgroup.26 It has 

been shown, however, that for a given family of gemini surfactants, n has a subtle 

dependence on both alkyl chain length and spacer length and ranges from 2 to 3  
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(i.e. from ion paring to complete dissociation). For these reasons, we present the 

values of as calculated with both n = 2 and 3, assumed to be the lower and upper limits 

for the Gibbs prefactor. 

 

Table 1. Interfacial properties of serine-based gemini surfactants and the homologous conventional bis-

quat. 

Interfacial 

Parameters 

SURFACTANT 

Serine derivatives 
Conventional  

bis-quat 

 (12Ser)2N12 (12Ser)2CON12 (12Ser)2COO12 12-12-12 

cac / mmol·kg
-1

 0.077 ± 0.002 0.027 ± 0.004 0.014 ± 0.007 0.22 ± 0.01 

γcmc / mN·m
-1

 35.8 34.6 35.3 42.0 

as / nm
2
 

1.42 ± 0.10 

(0.95 ± 0.10) 

1.23 ± 0.09 

(1.84 ± 0.21) 

1.47 ± 0.15 

(2.20 ± 0.34) 

1.37 ± 0.11 

(0.91 ± 0.11) 

* values obtained with Gibbs prefactor n = 2 or, in parenthesis, n = 3. 

 

3.1.2. Spontaneously formed vesicles: morphology and size. As stated above, the 

compounds (12Ser)2CON12 and (12Ser)2COO12 form vesicles down to very low 

concentrations, in contrast with the other two gemini which form micelles as the first 

aggregate. One possible explanation is that the amide and ester groups form part of 

the spacers between the charged headgroups, imparting the molecules with effectively 

longer spacers than in the amine case and likely providing a slightly higher degree of 

conformational rigidity at the headgroup level. This effect should then impose lower 

mean spontaneous curvature aggregates to the amide and ester surfactants, rendering 

them with a critical packing parameter close to 1. To get further insight into the 

aggregate formed by surfactants (12Ser)2CON12 and (12Ser)2COO12, both light and 

electron scanning microscopy were used. Video-enhanced light microscopy enables 

the observation of aggregates larger than about 0.5 µm, allowing for an assessment of 

the vesicle size distribution. Cryo-SEM, on the other hand, allows the inspection of the 

morphology of the aggregates with a resolution limit of ca. 100 nm. 

 

The effect of surfactant concentration on the morphology and size distribution of the 

vesicles was studied. Samples with different concentrations, 20, 10, 5 and 1 mM, were  
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prepared and visualized under light microscopy. As can be seen from micrographs 

(Fig. 3), the (12Ser)2CON12 derivative always yields polydisperse vesicle samples, 

with sizes ranging in the range of a few nm to several m. For the most concentrated 

samples (20 and 10 mM), giant birefringent vesicles are observed. Moreover, cryo- 

SEM imaging of these samples shows the presence of large multilamellar liposomes, 

in coexistence with small and large unilamellar vesicles. The ester derivative has a 

very similar behavior, as can be observed in Fig. 4. 

 

Figure 3. Light  and Cryo-SEM micrographs for (12Ser)2CON12 vesicle dispersions: A-D, light microscopy images for 

different surfactant concentrations (scale bar = 20 m); E, F, zoom of indicated region of dispersion A using normal (E) 

and polarized light (F), with scale bar = 7 m; G and H,  cryo-SEM images for vesicle dispersions (10 mM) showing the 

presence of both multilamellar (onions) and unilamellar vesicles (scale bars equal to 7 and 1 m, respectively). 

 

 

Figure 4. Light and Cryo-SEM micrographs for (12Ser)2COO12 vesicular dispersions. A-D light microscopy images for 

different concentrations (scale bars: 20 m). E, F – Zoom of indicated region of  

dispersion A using normal (E;) and polarized light (F); scale bars: 1m G, H – Cryo-SEM images for vesicle dispersions 

(10 mM) showing the presence of multilamellar and unilamellar vesicles (scale bars: 3 and 1 m, respectively). 
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The size of the vesicles was measured by DLS and the results obtained (Table 2) are 

in good agreement with those observed from light microscopy. For all concentrations, 

three populations of vesicles are observed. Furthermore, one can conclude that for 

both surfactants upon dilution of the vesicle dispersions in the range 1 – 20 mM, there 

is no meaningful change on the aggregate size distribution, and there is simply a 

decrease in the vesicle concentration. 

Table 2. Mean hydrodynamic diameter (±SD) and population frequency for the aggregates formed 

by (12Ser)2CON12 and (12Ser)2COO12, at 25 ˚C. 

 Population A Population B Population C 

 
Mean 

diameter 
(nm) 

Population 
Frequency 

(%) 

Mean 
diameter 

(nm) 

Population 
Frequency 

(%) 

Mean 
diameter 

(nm) 

Population 
Frequency 

(%) 

 (12Ser)2COO12 

20 mM 778 ± 196 83 ± 4 106 ± 21 17 ± 4 --- --- 

10 mM 845 ± 145 77 ± 1 102 ± 31 17 ± 4 4817 ± 91 6 ± 2 

5 mM 829 ± 43 74 ± 1 133 ± 13 19 ± 5 5146 ± 274 7 ± 3 

1 mM 750 ± 100 80 ± 4 90 ± 12 15 ± 6 4180 ± 100 5 ± 1 

(12Ser)2CON12 
 

      

20 mM 874 ± 171 54 ± 4 123 ± 40 11 ± 1 3833 ± 125 35 ± 7 

10 mM 877 ± 80 69 ± 5 197 ± 64 20 ± 4 5063 ± 39 11 ± 1 

5 mM 767 ± 114 69 ± 1 133 ± 48 19 ± 3 4698 ± 165 12 ± 4 

1 mM 798 ± 141 60 ± 6 233 ± 67 34 ± 4 4544 ± 120 6 ± 2 

 

3.1.3. Concentrated surfactant-water systems: phase scanning studies. The 

global phase behavior of the serine-based amphiphiles was determined through phase 

scanning. This technique, described by Lawrence,27 is a simple and qualitative method 

that gives helpful information on self-assembly pattern of the surfactant under study. 

For the ester derivative (Fig.5 A) a dilute isotropic solution phase (L), followed by a 

lamellar liquid-crystalline phase (Lα), denoted by a focal conics texture, are clearly 

observed. The amide derivative (Figure 5 B) also shows a dilute L phase, followed by 

a Lα phase, characterized by oily streaks and myelin figures (Fig. 5 B1, 2). This type of 

phase behavior is typical for double-chained surfactants and is dominated by a 

lamellar phase (the only liquid-crystalline phase present) and, at low concentrations, 

by a dispersion of vesicular structures. For the amine derivative, it was not possible to 

investigate the phase sequence with the phase scanning technique, since this  
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compound is a viscous oil at room temperature, unlike the other two (which are 

crystalline solids). 

 

Figure 5. Phase penetration scans: (A) (12Ser)2CON12 and (B) (12Ser)2COO12, at 25 ˚C. Legend: L, isotropic solution 

phase, Lα, lamellar phase, cr, hydrated crystals. Water is diffusing from left to right into the surfactant crystalline film. 

Scale bars: A, B- 150 µm; A1- 25 µm¸ B1, B2- 70 µm.  

 

3.2 DNA compaction studies 

3.2.1 Aggregate size control and effect of helper lipid. These cationic gemini 

surfactants were investigated in terms of their potential to efficiently condense DNA, 

both per se and in mixture with a helper lipid. DNA condensation depends on the 

electrostatic interaction between DNA phosphate groups and the cationic surfactant 

headgroups, and on the surfactant packing parameters.28 The thermodynamic driving 

force for lipoplex formation is the direct electrostatic attraction between charges of the 

two-cosolutes (an enthlalpic effect) and the release of counterions from the surfactant 

aggregate and DNA surface (an entropic effect). The inclusion of DOPE in the cationic 

aggregate may favor the direct interaction since it should weaken the ion binding to the 

cationic surface and make more positively charged sites available for DNA binding.28  

As can be seen in fig. 6 vesicles formed by the serine-based surfactants, with or 

without presence of DOPE, are stable at least during 15 days; both the vesicle size 

and zeta potential (ζ) remain constant with values of ca. 120 nm and + 55 mV,  
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respectively. Moreover, the addition of the helper lipid does not affect significantly the 

size and the charge of the complexes. 

 

Figure 6. Neat and DOPE mixtures extruded liposomes: size, zeta potential and stability. 

 

3.2.2 Lipoplex formation: effect of charge ratio on size distribution and zeta 

potential. As already mentioned, lipoplexes were formed by adding increasing 

volumes of gemini or gemini/DOPE aggregates to a salmon sperm DNA solution, to 

obtain different CR (+/-) values. Figure 7 shows the mean size (a) and ζ-potential (b) 

for gemini/DNA and gemini:DOPE/DNA lipoplexes. As previously seen (figure 6), free 

cationic serine-based vesicles have a zeta potential of around +55 mV and a mean 

diameter size, after extrusion, of around 120 nm. Upon the DNA compaction process, 

the lipoplex mean size generally decreases as the charge ratio increases, while the 

zeta potential increases until a plateau is reached.  

 

For the single surfactant systems, a distinct behavior is observed for each surfactant. 

The addition of the amide-based liposomes to the DNA solution at CR = 1:1 and 2:1 

gives rise to precipitate formation. At higher ratios, however, lipoplexes are formed 

without any precipitation. As can be seen in Fig. 7A, this surfactant yields the 

lipoplexes with the highest sizes among the studied systems, ranging from 4,000 nm  



192 FCUP  
SERINE-BASED SURFACTANTS: design, synthesis and self-assembly 

 

 

 

(CR 3:1) to 330 nm (CR 12:1). Similarly, the amine system also precipitates in the 

presence of DNA, from CR = 1:1 to 3:1. Above 3:1, the lipoplexes formed are smaller 

when compared to those of the amide derivative, and from CR = 10:1 onwards, the 

average size is 170 nm.  

In the case of the ester derivative, however, there is no precipitation to start with, and 

therefore lipoplexes are formed “earlier”, already at CR = 1:1. Their size stabilizes from 

CR = 6:1 onwards, with an average value of 160 nm.  

 

Another relevant observation is that incorporation of DOPE into the cationic serine 

systems inhibits precipitation, contrary to what was observed for the single amide and 

amine derivatives at low CRs. Moreover, the introduction of DOPE in the system 

seems to bring significant advantages with respect to the size of lipoplexes, since the 

formed lipoplexes are smaller at charge ratios significantly lower than those of the 

corresponding single gemini systems (Fig. 8). The differences in the compaction 

profile, in the absence and presence of DOPE, are more visible for the amide and 

amine derivatives than for the ester derivative. For all gemini/DOPE systems, from  

CR = 3:1 onwards, the lipoplexes have an average size between 110 and 170 nm. 

 

The zeta potential value indirectly reflects the lipoplex surface net charge and can 

therefore be used to evaluate the extent of interaction of the cationic aggregate with 

the anionic DNA. As the CR (+/-) increases, an increase in zeta potential relative to the 

zeta potential of neat DNA (- 30 mV) is observed. The isoelectric point (neutral charge, 

zero zeta potential) occurs at charge ratios higher than equimolarity for all the 

gemini/DNA and gemini:DOPE/DNA, except for the (12Ser)2COO12 and 

(12Ser)2COO12/DOPE systems, which reach the isoelectric point at CR = 0.5. All 

lipoplexes are positively charged for CR ≥ 2:1.  

 

Regarding neat serine derivatives, the amide derivative lipoplexes have the highest 

zeta potential values, +55 mV from CR = 3:1 onwards. The amine derivative lipoplexes 

attain a first plateau at +15 mV, between CR = 2:1 – 6:1, and at higher CRs the zeta 

potential is close to +35 mV. For the ester derivative lipoplexes, the zeta potential 

lateau is reached at CR = 2:1 and the values oscillate between +42 and +50 mV up to 

CR = 12:1.  
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In the presence of DOPE, several relevant differences are apparent. For the amide 

and ester derivatives, the zeta potential values are lower than those of for the 

lipoplexes based on the neat surfactants. The amide derivative lipoplexes reach a 

plateau around CR = 3:1 and at ~ 35 mV, while for the ester derivative lipoplexes a 

clear plateau is not attained, with zeta potential values ranging from +25 to +40 mV. 

For the amine compound, a completely different behavior is found: here the DOPE-

containing lipoplexes are more positively charged than the neat gemini lipoplexes. 

With DOPE, a plateau is reached at CR = 3:1 and + 50 mV.  

 

Figure 7. Neat gemini and gemini/DOPE lipoplexes: a) mean size and b) zeta potential as a function of surfactant/DNA 

charge ratio (+/-). The symbols are identical for both a) and b 

 

 

 

 

 

 

 

 

 

  

 

 

 

Figure 8. Cryo-SEM imaging for neat gemini and gemini/DOPE lipoplexes, at 5 mM and different charge ratios: A- 

(12Ser)2COO12 CR= 12:1, B- (12Ser)2COO12/DOPE CR= 4:1, C- (12Ser)2CON12 CR= 6:1 and D- 

(12Ser)2CON12/DOPE CR= 4:1. Scale bars: 0.6 m. 
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3.2.3 DNA compaction profile. The ability of the cationic serine aggregates to 

compact DNA was also assessed by the ethydium bromide (EtBr) exclusion assay. 

Ethidium bromide is a fluorophore which interacts with DNA by intercalating itself 

between the adjacent base pairs in the double helix. When intercalated, EtBr 

fluoresces at 610 nm by direct excitation at 510 nm. However, upon condensation by 

cationic aggregates, the probe is displaced from the DNA to the aqueous solution and 

a decrease in fluorescence is observed. EtBr fluorescence is approximately 30-fold 

higher when intercalated between the DNA bases compared to its fluorescence in 

water.30  

 

Figure 9 shows the fluorescence intensity of EtBr as a function of the gemini/DNA (9a) 

and gemini:DOPE/DNA (9b) charge ratio, at 25 ˚C and at constant DNA concentration. 

Figure 10 shows the corresponding curves of complexed DNA versus charge ratio for 

the same systems. 

 

Figure 9. EtBr exclusion assay for: a) neat gemini and b) gemini/DOPE lipoplexes. The fluorescence intensitiy curves 

have been decomposed, with each EtBr fluorescence emission spectrum fitted to a sum of two log-normal functions, 

corresponding to different environment states (DNA and water).  
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Figure 10. Percentage of complexed DNA for neat gemini and gemini/DOPE lipoplexes, at different charge ratios. 

 

For all the systems tested, the increase in charge ratio (+/-), and consequently the 

increase of gemini or gemini/DOPE content with respect to DNA in the lipoplex, results 

in a considerable raise in DNA compaction, as inferred from the reduction of EtBr 

fluorescence, due to its displacement from DNA.  

 

For the neat gemini lipoplexes, the decrease in probe fluorescence reaches a plateau 

for IF = 0.05 (displacement of 95 % EtBr) at CR = 3:1 for the amide and ester 

derivatives, and at CR = 2:1 for the amine derivative, pointing to differences in the 

complexation dynamics of the different serine-based gemini systems. Thus, lipoplexes 

formed by the amine derivative compact the same amount of DNA at charge ratios 

slightly lower than the other two surfactants. This observation may be related with the 

fact that the starting aggregates in the case of the amine surfactant are micelles. 

These aggregates are much smaller than vesicles (and thus more surface area is 

available for interaction with DNA) and more labile, i.e. they possess faster exchange 

dynamics, which could also make the positive charges more easily available to interact 

with the DNA phosphate groups. In the case of bilayers, which have lower surface 

area for the electrostatic interaction and are more sluggish in terms of dynamics, a 

higher charge ratio (and thus higher amount of surfactant) seems to be required for the 

same effect to take place. 
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For all the gemini/DOPE lipoplexes, one must bear in mind first that the starting 

aggregates, i.e. the aggregates existing prior to DNA condensation, are liposomes (as 

supported by cryo-SEM and DLS, cf. supporting information). Furthermore, there 

should be now a charge dilution effect owing to the presence of the uncharged lipid in 

the bilayer structure. Despite these common features, the three systems do not 

behave in the same fashion upon interaction with DNA. As can be seen in fig. 9b, now 

the amide derivative-containing system shows the sharpest decrease in IF with 

increasing CR, attaining a plateau at CR = 2:1, with a very high compaction efficiency 

(~99%, Fig. 10). In contrast, the inclusion of DOPE into the ester and amine geminis 

causes a much slower decrease in IF with increasing CR (Fig. 9b). For these mixtures 

a CR = 8:1 is necessary to attain a plateau in IF, which corresponds to a 93% 

compaction efficiency Fig. 10). Even though these differences are interesting, a proper 

rationalization of the effects behind them would require a structural study of the 

lipoplexes formed at different CR values. 

 

4. CONCLUSIONS 

The interfacial properties and self-assembly behavior of the three gemini surfactants 

(12Ser)2N12, (12Ser)2CON12 and (12Ser)2COO12 were investigated. Most notorious 

was the fact that the amide and ester derivatives spontaneously form vesicles, while 

the amine derivative forms micelles. The cac values are very low compared to the cmc 

of the conventional gemini analogue. A significant result is that all the compounds 

were found to efficiently compact DNA, either as neat surfactants or in binary mixtures 

with DOPE. While for the amine and ester derivatives DNA compaction was more 

efficient for the single systems, in the case of the amide derivative, the inclusion of 

DOPE significantly enhanced compaction efficiency. As previously noted, the 

lipoplexes size decreases as the CR (+/-) increases until it reaches a plateau. The neat 

gemini surfactants have distinct behaviors, with the ester derivative forming lipoplexes 

of smaller size at lowest charge ratios (CR = 6:1, 160 nm). The amide derivative yields 

the largest lipoplexes. Typically, with the inclusion of DOPE, beyond a charge ratio of 

3:1 a plateau is reached, with lipoplexes having a similar size as the initial aggregates 

(about 110-170 nm). All the lipoplexes are positively charged from CR = 2:1 onwards, 

and for the neat amide and ester derivatives the highest zeta potential values are  
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attained (+ 50-60 mV). All mixtures show very high compaction efficiency, of about  

90 - 100 % of complexed DNA. Hence, these gemini and gemini/DOPE mixtures seem 

to be promising systems for transfection assays. 
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SUPPORTING INFORMATION 

 

 

Figure: Light and Cryo-SEM images for gemini/DOPE mixtures: A and B – (12Ser)2CON12/DOPE 

(scale bars: 25m (A), 10 mm (Ainset) and 0.5 m (B)); C and D – (12Ser)2COO12/DOPE (scale 

bars: 25 m (C) and 0.5 m (D)); E – (12Ser)2N12/DOPE (scale bar: 25 m). 
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ABSTRACT 

 

Vesicles based on mixed cationic/anionic surfactants (often referred to as catanionic vesicles) 

offer a number of attractive colloidal features, viz. spontaneity in formation, long-term stability, 

and easiness of size and charge control through surfactant mixing ratio. If the aggregates are 

made biocompatible, further potential for biomedical applications is added. In this work, we 

report for the first time two catanionic systems in which both the cationic and anionic 

amphiphiles derived from the same amino acid — serine. Phase behavior maps for a system 

with chain length symmetry, 12Ser
+
/12-12Ser

-
, and another with asymmetry, 16Ser

+
/8-8Ser

-
, 

are presented, where regions of liposome formation can be identified. For the most interesting 

mixture, the asymmetric one, an in-depth characterization of aggregate size, shape, zeta 

potential and stability as a function of surfactant mixing ratio and total surfactant concentration, 

is shown based on tensiometry, video-enhanced light microscopy, cryo-SEM, cryo-TEM and 

dynamic light scattering data. Aggregate shape changes, phase transitions, and the equilibrium 

nature of the aggregates, is critically discussed in the light of current theoretical models and 

catanionic systems previously reported in the literature. 

 

1. INTRODUCTION 

Over the last two decades or so, a plethora of systems for controlled and targeted 

delivery of biomolecules has been designed and explored, based on different types of 

nanostructured assemblies, such as micelles, vesicles (liposomes), microemulsions, 

nanotubes, nanoparticles, nanocapsules and dendrimers.1-7 Among these, vesicle 

nanocarriers still remain the most common strategy for biophysical and biomedical 

uses, namely as cell membrane models and for the delivery of drugs and genetic  
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material.1,8-10 Because most of these vesicles or liposomes are composed by natural 

lipids, they are biocompatible and biodegradable. However, they may show problems 

of chemical stability, as the lipids can easily undergo chemical degradation by 

hydrolysis and peroxidation. Furthermore, such vesicles are typically non-spontaneous 

and non-equilibrium structures, with limited colloidal stability in time.11,12 These 

shortcomings may compromise the preparation, stability and efficacy of the vehicles.  

Efforts have been made to find lipid-mimicking synthetic surfactants, namely 

double-chained quaternary ammonium salts,13,14but although these systems show 

formation of interesting (non-equilibrium) vesicles, they suffer from high toxicity that 

compromises their usefulness for biomedical applications.15 Ethoxylated nonionic 

surfactants and block copolymers are also vesicle-forming compounds, certainly with 

enhanced biocompatibility, and the number of systems with these features is 

expanding quickly. Mixtures of opposite charge surfactants, so-called catanionic 

mixtures, also exhibit a phase behavior similar to that of lipids and have emerged as 

fascinating and versatile systems prone to yield vesicles of long-term colloidal 

stability.16,18 Catanionic mixtures indeed display a rich phase behavior and variety of 

self-assembled nanostructures in solution, offering a means to achieve tailor-made 

aggregates by suitable design and choice of the constituent surfactants.
16,18 The 

general characteristics of catanionic mixtures comprise: synergism in micellar and 

surface adsorption properties; spontaneous formation of stable vesicles (including, in 

some cases, equilibrium vesicles) without the use of mechanical and/or chemical 

methods; and the possibility to prepare new catanionic surfactant under 1:1 

stoichiometric proportions that can form itself vesicles.
19 The vast majority of the 

studies found in literature are based on conventional surfactants with relatively high 

levels of cytotoxicity.19-24 To improve the biocompatibility and biodegradability, 

synthetic surfactants containing natural structural motifs, like amino acids, sugars and 

fatty acids have arisen and were shown to present attractive physicochemical 

features.25-28  

In recent years, we have addressed the synthesis and physicochemical 

characterization of several ionic amino acid-based surfactants.29-31 In this paper, we 

report the phase behavior and microstructure of serine-based catanionic mixtures 

composed by single-chained cationic (C12, C16) and double-chained anionic (C8-

8,C12-12) surfactants. To our knowledge, the present report is the first in the literature  
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in which both surfactants in the mixture are derived from the same amino acid - serine. 

The choice of serine was mainly dictated by the good toxicological profile presented by 

serine-based derivatives, as observed in previous work.32 Two different systems were 

studied (Fig. 1). The first one involves molecules with equal hydrocarbon chain lengths 

(12ser/12-12Ser, Fig 1 - A) and the other has molecules with pronounced differences 

in chain length (16Ser/8-8Ser, Fig 1 - B). A comparative analysis of chain length 

effects on the structure and stability of the vesicles was carried out. For the system 

16Ser/8-8Ser, the morphology and zeta potential of the aggregates formed as the 

surfactant mixing ratio is varied, and in particular the micelle-to-vesicle transition, has 

also been investigated by combining data from surface tension, microscopic 

techniques, and dynamic light scattering. Finally, a study on the effect of sample 

preparation path on vesicle properties, for a given vesicle composition, was 

investigated in order to shed light on the possible equilibrium nature of the vesicles 

herein found. The results are critically discussed in the light of other experimental 

studies previously reported in the literature and current theoretical models for 

surfactant self-assembly and catanionic systems in particular. 

 

 

 

Figure 1. Molecular structure of the serine-based surfactants used for the formation of catanionic mixtures:  

A – 12Ser/12-12Ser pair and B – 16Ser/8-8Ser pair.  
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2. EXPERIMENTAL SECTION 

2.1. Materials. General. The enantiomerically pure (L-series) amino acid derivatives 

H-Ser-(OH)-OMe and H-Ser(OtBu)-OMe were purchased from Bachem. Solvents (p.a. 

quality) and other chemicals were obtained from Sigma-Aldrich. Thin layer 

chromatography (TLC) aluminium foil plates covered with silica 60 F254 (0,25 mm) and 

silica-gel 60 (70-230 mesh ASTM) for preparative column chromatography were from 

Merck and SDS, respectively. 1H NMR and 13C NMR spectra were recorded on a 

Bruker Avance III 400 spectrometer.  ESI-TOF HRMS spectra were obtained on a LTQ 

Orbitrap XL mass spectrometer (Thermo Fischer Scientific, Germany). The samples 

have been analyzed by direct injection and the spectra were obtained in positive mode 

(m/z 50-1000). Synthesis. The cationic derivatives, N-dodecyl-N-(2-hydroxy-1-

methyloxycarbonly)ethyl-N, N-dimethylammonium trifluoroacetate (12Ser) and  

N-hexadecyl-N-(2-hydroxy-1-methyloxycarbonyl)ethyl-N, N-dimethylammonium 

trifluoroacetate (16Ser) were synthesized as previously described.30 The synthetic 

pathway for the obtention of the anionic double-chained anionic surfactants is outlined 

in scheme 1.  

 

Scheme 1. Synthesis of double-chained anionic surfactants 

 

The introduction of the lipophilic alkyl chains into the serine methyl ester (1) can be 

achieved by reductive amination of “fatty” aldehydes according to a previously reported 

method.30 Depending on the alkyl chain length of the aldehyde, the introduction of the 

two alkyl chains occurred in one step or required two consecutive reductive aminations  
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(12 or more carbon atoms). Accordingly, reductive amination of dodecanal (2a) 

afforded the N-monoalkylated compound (A;  = 72%) which was reacted again with 

2a to yield the N, N-didodecylserine methyl ester (3a;  = 54% ). On the other hand, 

reductive amination of octanal (2b) with the serine derivative (1) yielded the target 

compound N, N-dioctylserine methyl ester (3b), in one step with 95% yield. The 

anionic surfactants (4a-b) were readily accessed by saponification of the 

corresponding N, N-dialkylserine methyl esters (3a-b) with KOH/MeOH. Although the 

separation process was difficult, partly due to the emulsifying properties of the 

resulting compounds, they could be isolated in good yields (80-85%). The structures of 

all the synthesized surfactants were confirmed by 1H and 13C NMR spectroscopy and 

by mass spectrophotometry (cf. supporting information). 

 

2.2. Sample Preparation. Samples for the mapping of phase behavior were prepared 

by weighing directly the two surfactants into glass flasks and thoroughly mixing them in 

water. Ultrapure (MilliQTM) water was used in all samples. The composition of the 

samples is given by in terms of surfactant weight percentage and the molar fraction of 

cationic surfactant in the mixture, x
+ = n+ / (n+ + n-). For solutions, the surfactant 

concentration is expressed in molality. Prior to observations and measurements, the 

samples were allowed to rest at least 12 hours at the desired fixed temperature. Both 

systems were studied above their Krafft temperatures (TKr): the 12Ser/12-12Ser 

system at 60 ºC and the 16Ser/8-8Ser mixture at 25 ºC. In order to investigate the 

influence of sample preparation path on the properties of the 16ser/8-8Ser catanionic 

liposomes, samples with fixed composition of 0.5 wt% (≈ 11 mmol kg-1) and molar 

fraction of 16Ser in the mixture of 0.58 were prepared by three different methods: (1) 

weighing of the two solids; (2) dilution of a concentrated sample, 5 wt% and (3) 

addition of 16Ser micellar solution to a 8-8Ser aqueous dispersion. This sample 

composition was chosen because it lies midway in the range of mixing ratio of the 

vesicle-only solution region 0.44 < x16Ser < 0.70. 

 

2.3. Surface Tension. The surface tension of aqueous solutions was measured with a 

Dataphysics DCAT11 tensiometer using the Wilhelmy plate method. Temperature was 

kept constant using a thermostated Julabo F20 circulating water bath (± 0.2ºC) and 

was set 1 to 2ºC above the TKr of the single surfactants or catanionic mixtures. 
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2.4. Light Microscopy. Light micrographs were obtained, with an Olympus BX51 light 

microscope equipped with Differential Interference Contrast (DIC). The images were 

acquired with an Olympus DP71 digital video-camera and processed using the cellA 

software from the manufacturer. The control of temperature was carried out with a 

Linkam hot stage TH600, controlled by a TP94 unit. 

 

2.5. Cryo-Scanning Electron Microscopy (Cryo-SEM). The sample imaging was 

done using a JEOLJSM 6301F high resolution scanning electron microscope, 

equipped with a Gatan Alto 2500 preparation chamber. The sample was placed in a 

copper sample-holder and vitrified by plunging into liquid-nitrogen slush from room 

temperature (20-25ºC). The vitrified sample was then transferred to the preparation 

chamber to be (1) fractured, (2) sublimated at -90ºC (120s) and (3) coated with Au/Pd 

(40s). After this procedure the sample was transferred to the SEM microscope for 

visualization. 

 

2.6. Cryo-Transmission Electron Microscopy (Cryo-TEM). Cryo-TEM was used for 

microstructure studies of the 16Ser/8-8Ser system. The samples were prepared in a 

vitrification robot system (VitrobotTM) at room temperature. A drop of the solution was 

put on holey carbon-coated copper grid, the excess of solution was blotted in order to 

create a thin liquid film over the grid and then it was rapidly plunged into liquid ethane 

at its freezing point. Following the vitrification step, samples were transferred under a 

liquid nitrogen environment by use of a cold stage unit (Gatan model 626) into the 

electron microscope, FEI Tecnai 12 G2 TWIN TEM, operating at 120kV.  The working 

temperature was kept below -175ºC, and the images were recorded by a Gatan 794 

CCD camera and analysed by Digital Micrograph 3.6 software. 

 

2.7. Dynamic Light Scattering (DLS). DLS measurements were performed in a 

Zetasizer Nano ZS from Malvern Instruments. A 4mWHe-Ne laser (633 nm) was used 

with a fixed 173º (particle size) or 17º (), zeta-potential) scattering angle. The 

measurements were carried out at 25ºC (8-8Ser, 12Ser and 16Ser/8-8Ser mixture), 

40ºC (16Ser) or 60ºC (12Ser/12-12Ser mixture). One milliliter of the sample was 

transferred to a disposable sizing cuvette or U-shaped -potential cuvettes (Malvern 

Instruments) and 2 minutes were allowed for the sample to reach thermal equilibrium.  
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The Malvern’s Dispersion Technology Software (DTS) was used for data processing. 

The populations size (nm), -potential (mV) average and error values given by the 

program were considered. 

 

3. RESULTS AND DISCUSSION 

3.1. Solution properties of single surfactants. The interfacial properties of the 

individual surfactants in aqueous solution were initially studied. Thus, surface tension 

measurements were carried out in order to obtain values for the critical micelle or 

critical aggregation concentration, cmc and cac, respectively, surface tension at the 

cac, γcac, or cmc, γcmv, as well as the maximum Gibbs surface excess, Г(1), and the 

surface area per surfactant molecule, as, calculated through Eqs. (1) and (2):  

Tp
mmT

Γ

,

max
/( lnRn

1















                (1) 

max ΓN
a

A

s

1
                  (2) 

The results are compiled in table 1 and the surface tension vs ln (concentrations) 

curves are presented in figure 2.  

 

Table 1. Interfacial parameters for aqueous solutions of the neat serine-based surfactants. 

Surfactant T
Kr 

/ 
o
C cac / mmol·kg

-1

 γ
cac

 / mN·m
-1

 as/nm
2
 

12Ser < RT 2.9 ± 0.1 30.2 0.56 ± 0.06 

16Ser 35 0.33 ± 0.02 34.5 0.63 ± 0.06 

8-8Ser < RT 0.26 ± 0.03 23.6* 
1.2 ± 0.1 (n = 1) 

0.6 ± 0.1 (n =2) 

*For this surfactant, this value corresponds to a cac, since aggregates other than micelles, namely vesicles, may form 

at the break point. 
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Figure 2. Surface tension vs. ln (concentration) curves for the different surfactants. The cac value is determined from 

the intersection of the straight lines. 

 

The Krafft temperatures, TKr, of the anionic surfactants were initially determined by 

differential scanning microcalorimetry. DSC scans were performed on aqueous 

solutions of the surfactants (at 0.5 wt % surfactant) and, in the range of temperatures 

studied (20-70 ºC), no phase transition was observed for the 8-8Ser derivative. 

However, the 12-12Ser amphiphile has a transition at 55 ºC corresponding to the 

solubilization of its crystals (also confirmed by light microscopy). It should be pointed 

out that, for the anionic compounds, which contain a carboxylate group, all the 

measurements were carried out in alkaline solutions at pH = 12 ± 0.2 (adjusted with 

KOH 10 mM) in order to limit the extent of protonation of the carboxylate group and 

thus avoid precipitation of the insoluble acidic form of the amphiphiles.  

 

As shown in Fig. 2, all the surfactants follow a regular trend of γ-ln(c) plot for an 

amphiphile. The 12Ser and 16Ser surfactants are single-chained surfactants (Ps 

around 1/3), known to form micelles as first aggregates, and therefore the cac in these 

cases corresponds to a cmc, i.e. critical micelle concentration. Whit respect to 8-8Ser 

and 12-12Ser, since they are double-chained surfactants (with a Ps close to 1) it is 

expected that these amphiphiles self-assemble into bilayer structures (most certainly 

vesicles) and therefore, the cac could be in effect a cvc, a critical vesicle 

concentration. Microscopic observations of 8-8Ser and 12-12Ser samples with a 

concentration of 0.5 mmol·kg-1 (0.02 wt.%) confirmed the presence of small vesicles; 

macroscopically, the samples present a bluish tint. 
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As can be seen from table 1, the surfactant with the lowest cac is the double-chained 

8-8Ser as result of its high hydrophobicity. The cationic 12Ser and 16Ser surfactants 

have a cmc value of 2.9 mmol·kg-1 (25oC) and 0.33 mmol·kg-1 (35ºC), respectively, and 

these values are in good agreement with those previously reported for the same 

compounds.29 For the 8-8Ser amphiphile the values reported for area per molecule, as, 

are based on both n = 1 and n = 2, in Eq. 2. For monovalent surfactants, because the 

surface tension is measured in neat water, n is equal to 2 (charged amphiphile ion and 

respective counterion); however, for the 8-8Ser the pH of the solution was adjusted 

with KOH. In this case, the large excess of K+ should partially screen the interactions 

at the interface, so the number of adsorbed species, n, could vary between 1 

(essentially charged amphiphile ion) and 2.  

 

Comparing the values of all surfactants, we can state that 8-8Ser has, in principle, a 

larger interfacial area per molecule than 12Ser and 16Ser. This difference could be 

explained by the presence of two alkyl chains, in 8-8Ser, which makes this molecule 

bulkier and therefore requiring more space in the interfacial arrangement. It can also 

be seen that surface tension at cac, γcac, is significantly lower for 8-8Ser (23.6 mN·m-1) 

than for 12Ser (30.2 mN·m-1) or even for 16Ser (34.5 mN·m-1), showing its enhanced 

adsorption properties. The cac of 12-12Ser was not determined by tensiometry due to 

its high Krafft temperature (55º C); however, it can be estimated to be at least one 

order of magnitude lower, owing to its extra 8 methylene groups in the hydropobic part. 

 

3.2. Phase behavior and aggregation in the symmetric system. The phase 

behavior and aggregation properties of the catanionic mixtures were further 

investigated. First, we present the results for the symmetric system, 12Ser/12-12Ser, 

which was not so thoroughly studied as the non-symmetric system, 16Ser/8-8Ser, due 

to the high Krafft temperature of the mixtures (confirmed by DSC). In fact, the 

measurements had to be carried out at 60 ºC which is disadvantageous, not only from 

an experimental viewpoint but also for prospective applications in the biomedical field. 

In contrast, the 16Ser/8-8Ser system presents interesting features, since the Krafft 

temperature is below room temperature and it forms vesicles on both, the cationic-rich 

and the anionic-rich mixtures. It should be pointed out that, for the catanionic mixtures 

the pH did not have to be adjusted for any of the systems. 
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The 12Ser/12-12Ser/water system was initially studied under light microscopy at 1 wt. 

% of total surfactant concentration and by varying the cationic-anionic mixing ratio, at 

60 ºC. According to light microscopy observations, three distinct regions could be 

defined, allowing us to construct the phase map presented in Fig.3. 

 

Figure 3. Phase map and representative micrographs of the samples herein indicated for the mixture 12Ser/12-12Ser 

(1 wt. %) at 60ºC. Scale bars: 20 m. 

 

Starting from single 12Ser surfactant (x12Ser = 1), there is a first region where the 

solutions are colorless and non-viscous. Under video-enhanced light microscopy, no 

aggregates were detected. Because of its low viscosity, we might infer that these 

solutions are composed by 12Ser-rich micelles, even though we cannot exclude the 

presence of small vesicles below the magnification and resolution limit of the 

microscope. The samples in the range of 0.52 < x12Ser < 0.77 are bluish solutions and, 

under VELM, clearly show vesicles (Fig 3 – B to D). The size of the aggregates was 

measured by dynamic light scattering and, as can be seen from table 2, the samples 

are polydisperse, having more than one vesicle population. With increasing amounts of 

the anionic amphiphile the polydispersity tends to increase. In the anionic rich side 

(x12ser ≤ 0.50) the samples are turbid, slightly viscous, and present crystalline clusters. 

Under light microscopy giant vesicles (20 m) in coexistence with crystallites were 

observed (Fig 3 – A).  
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Table 2: Mean hydrodynamic radius (±SD) and population frequency of 12ser/12-12Ser vesicles at 60ºC. 

 
Population 1 Population 2 Population 3 

x
12Ser

 Mean 
radius /nm 

Population 
frequency (%) 

Mean 
radius /nm 

Population 
frequency (%) 

Mean 
radius / nm 

Population 
frequency (%) 

0.52 38 ± 2 88 341 ± 14 7 2383 ± 64 5 

0.64 67 ± 2 92 --- --- 2005 ± 115 8 

0.73 72 ± 5 100 --- --- --- --- 

 

 

3.3 Phase behavior and aggregation (microstructure) in the non-symmetric 

system. The phase behavior of the mixed system 16Ser/8-8Ser was studied in the 

diluted region (0.1 – 3 wt % surfactant) of the phase diagram by means of light 

microscopy and ocular observations. In-depth studies of structural evolution between 

aggregates as a function of mixture composition, for the cationic-rich side, were done 

by a combination of different microscopic techniques (VELM, Cryo-TEM and Cryo-

SEM), dynamic light scattering (DLS) and surface tension measurements. 

 

3.3.1. Phase behavior overview. The phase map of the system 16Ser/8-8Ser/water is 

depicted in Fig 4, where the solid-line represents equimolar (and equicharged) 

compositions, dividing the diagram in cationic-rich and anionic-rich regions, in terms of 

surfactant composition. Two single-phase regions are observed in the cationic-rich 

side: a region of colorless low viscous solutions (Region I) and a region of bluish 

solutions (region II). For the anionic-rich side, a region of turbid dispersions (region IV) 

and, close to the equimolar line, a region presenting phase separation (region III), are 

observed. Through VELM observations it is possible to identify the presence of 

vesicles in regions II and IV (Fig. 5) and to confirm the liquid-liquid phase separation in 

region III.  For samples of region I, no aggregates were detected by VELM. Therefore, 

further studies were performed in order to confirm if this region is a micellar region or a 

region of coexistence of aggregates (e.g. micelles + small vesicles). 
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Figure 4. Phase map of the catanionic mixtures 16Ser/8-8Ser at 25ºC. Letters (A) to (D) represent samples imaged in 

Figure 5. 

 

 

Figure 5. Micrographs of 16Ser/8-8Ser catanionic mixtures with different composition. The letters A – D represent the 

samples with the phase behavior shown in figure 4: A – x
16Ser

 = 0.20; B – x
16Ser

 = 0.44; C – x
16Ser

 = 0.58;  

D – x
16Ser

 = 0.70. Scale bars: 20 m 

 

3.3.2. Microstructure evolution with mixing ratio. To get further insight on the 

evolution of the aggregates as function of mixing ratio surface tension measurements 

were initially performed. In figure 6, plots of the surface tension of several 16Ser/8-

8Ser mixtures vs. surfactant concentration (ln c) are shown. For comparison, the 

curves of the single surfactants are also presented. As mentioned before, the surface 

tension of the single surfactants decreases in the usual way with the increase in 

surfactant concentration, and the curves inflect to give the cmc of 16Ser (0.33 mM)  
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and the cac of 8-8Ser (0.26 mM). The curves for the mixtures show different trends: in 

the range of 0.75 < x16Ser < 0.96 two plateaus are seen (Fig. 6 – A), most certainly  

related to the coexistence of aggregates and, for mixing ratios between 0.50 < x16Ser < 

0.70 only one plateau occurs (Fig 6 – B). To ascertain the type of aggregates that 

might form in the bulk along the surface tension curves of the mixtures at different 

ratios, Cryo-TEM and DLS were carried out. 

 

 

Figure 6. Surface tension vs ln (concentration) curves of 16Ser/8-8Ser catanionic mixtures with different composition; 

A) 0.75 < x
16Ser

< 0.96 and B) 0.50 < x
16Ser

< 0.70. 

 

For Cryo-TEM, four samples at 1 wt % total surfactant concentration (≈ 20 mM) and 

mixing ratios of  x16Ser = 0.58, 0.75, 0.85 and 0.95 were chosen. On the basis of this 

study, boundaries were drawn inside region I (see fig. 7), separating sub-regions of 

different microstructure: mic, micellar region (subdivided into two regions, as described 

below) and ves + mic, a region of coexisting micelles and vesicles. Figure 7 shows 

micrographs with the types of aggregates present in the selected samples. 

 At x16Ser = 0.95, only spheroidal micelles not larger than 2-4 nm in diameter are 

observed. For x16Ser = 0.85 spheroidal micelles, 2-5 nm, are visible together with 

elongated ones, with 10-50 nm in apparent length. At x16Ser = 0.75, micellar aggregates 

(spheroidal + elongated) coexist with small unilamellar vesicles (80-300 nm in 

diameter) the latter being the dominant aggregate form. The sample with x16Ser = 0.58 

presents mainly single-walled vesicles with a size distribution falling in the range of 20-

500 nm in diameter. However, we cannot exclude the presence of larger vesicles (d > 

1 m; cf. fig. 5 – C).  
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Figure 7: Phase microstructure in the 16Ser-rich side of 16Ser/8-8ser/water system at 25ºC and representative Cryo-

TEM micrographs of samples belonging to regions of different microstructure. 

 

The boundaries of region I and II (fig. 7) were defined not only on the basis of  

Cryo-TEM results but also attending to the DLS measurements. The DLS results are 

shown in fig.8 – A. The bluish samples with composition range 0.50 < x16Ser < 0.70 

contain only vesicles with a mean radius in a range of 50-200 nm. Dilution within the 

vesicle region does not seem to have any significant effect on the average size of 

vesicles. The dilution path simply induces a reduction of the volume fraction of vesicles 

by a decrease in concentration of the aggregates with essentially constant size. As the 

x16Ser increases from 0.75 to 0.80, the polydispersity increases, with the formation of 

smaller aggregates. According to Cryo-TEM studies, in these samples small vesicles 

coexist with elongated and spheroidal micelles. Above x16Ser = 0.85 no scattering signal 

was detected.  

Focusing now on fig. 8 – B, we observe that there is an initial decreasing trend for cac 

in the range 0.93 < x16Ser < 1 and at x16Ser = 0.89 the cac reaches a plateau around 0.2 

mmol·kg-1. Given the microscopic and DLS results described before, we can infer that  
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for 0.80 < x16Ser < 1 this cac corresponds to a critical micellar concentration for the  

mixture, thus denoting the formation of mixed micelles. This decrease in cmc observed 

as compared to the single surfactant is typical of catanionic mixtures. It is explained by 

the fact that mixed micelle formation is favored due to attractive cationic/anionic 

headgroup interactions in the micelle surface and due to the large entropic gain 

associated with counterion release from the micelle surface to the bulk.17 This type of 

synergistic behavior in cmc has been long recognized and reported for catanionic 

mixtures and several examples can be found in review articles.16,17
 Attending to the 

surface tension plots (fig. 6) a second plateau, (0.01 mmol·kg-1 < cac1 < 0.02 mmol·kg-

1) is observed in the same cationic rich region (0.80 < x16Ser < 1) and can be explained 

by considering the coexistence of micellar aggregates. For a composition range of 

0.75 < x16Ser < 0.80 two plateaus are also observed; however, in this case the 

coexistence is between vesicles and micelles. The cac observed for  

0.44 < x16Ser < 0.70 as well as for 0 < x16Ser < 0.28 corresponds to a cvc, a critical 

vesicle concentration, since only vesicles are detected here. 

 
Figure 8: Evolution of the aggregates as function of mixing ratio. A) DLS results for mean hydrodynamic radius (± SD) 

and B) critical aggregation concentration values (cac). 
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3.3.3 Vesicle size and zeta potential. Cryo-SEM was performed to further explore 

the morphology and size of bluish vesicular solutions. Figure 9 - A shows 

representative micrographs of two samples (1% m/m) of the 16Ser-rich side with 

mixing ratios of 0.58 and 0.70. Since Cryo-SEM images consist of the direct projection 

of the vesicle shape, it is possible to measure the size of vesicles (taking into account 

the small uncertainty owing to object focusing). Therefore, a quantitative size 

assessment of the vesicles was done by the measurement of the radii of a few 

hundred vesicles for the x16Ser = 0.58 and x16Ser = 0.70 compositions (300 and 200 

vesicles, respectively). The size distribution and fitting are plotted in Fig. 9 - B. A  

log-normal fitting of the data can be done, according to the expression: 

              (1) 

where Rm stands for the median vesicle radius and w is the width of the log-normal 

distribution.  

The mean value for the vesicle radius, <R>, is given by: 

                (2) 

Values of 99.3 nm and 93.2 nm were obtained for samples with x16Ser= 0.58 and  

x16Ser= 0.70, respectively. These values are in good agreement with those obtained by 

DLS, which retrieved, for the same vesicle solutions, an hydrodynamic radius of ca. 

104 nm and 96 nm, respectively  (Fig. 8 - A). As expected, a slightly higher radius from 

DLS was obtained, as the scattering is weighted by the size, and not by the number of 

vesicles. 
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Figure 9: Morphology and size of vesicle structures A) Representative Cryo-SEM micrographs for the selected 

16Ser/8-8Ser mixtures. B) Size distribution obtained from Cryo-SEM micrographs; the solid line represents the log-

normal fitting of the size distribution with the medium radius (R
m
), with (w) and mean radius R.  

 

The pH and surface charge of the aggregates (-potential) as function of mixing ratio 

was also determined and the results obtained are presented in fig.10. Starting from the 

anionic-rich side, one can see that the pH gradually decreases from a value around 

9.5 to 3.5 as the molar fraction of cationic surfactant increases. This trend can be 

explained considering that the anionic surfactant per se is a weak alkaline compound 

(due to partial protonation of the carboxylate group upon dissolution in water). Once 

the cationic surfactant is added, it is highly likely that the cationic-anionic electrostatic 

attraction between the two surfactants will shift the acid-base equilibrium of the 8-8Ser 

towards its salt form; consequently, the pH will decrease.  

With respect to the zeta potential, starting from neat 8-8Ser vesicles (anionic-rich side, 

-potential ≈ -80 mV) it can be seen that addition of 16Ser until a molar fraction  
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x16Ser = 0.43  results in a drastic increase in -potential values (≈ +60 mV). However, 

above this molar ratio the -potencial progressively decreases, albeit modestly, with 

increasing amount of cationic amphiphile. This latter trend is somewhat unexpected at 

first glance, since in principle continuous addition of excess cationic surfactant should 

result in more positively charged aggregates. However, one must take into 

consideration that the size and nature of the aggregates in solution changes in the 

cationic-rich area as the molar fraction of cationic surfactant increases. Besides, there 

is also a small decrease in the pH of the solution in this region. Hence, it is possible 

that the observed decrease in zeta potential is due to a subtle combination of all these 

effects. The composition range 0.44 < x16Ser < 0.70 presents only vesicles in solution 

and, attending to their mean size, an increase of the radius is observed with increasing 

amount of 16Ser, which can at least partially explain the decrease of -potential due to 

a charge dilution effect. From 0.70 < x16Ser < 0.85, there is a region of coexistence of 

agregates, vesicles + micelles, and a decrease in the vesicle size is observed.  

 

 

Figure 10: Zeta-potential and pH as function as function of molar fraction of 16Ser in the mixture 16Ser/8-8Ser.  

 

3.3.4 Preparation methods. The goal here was to observe the effect of the 

preparation method on the vesicle properties, in an attempt to investigate the nature of 

their stability (thermodynamic vs. kinetic). After sample preparation and 24 hours of 

mixing, the samples displayed the same macroscopic appearance, i.e. they were all 

bluish and translucent solutions. They were visualized under light microscopy and the  
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size of the aggregates was measured by DLS. Representative micrographs are shown 

in Figure 11 A-C and a summary of the observations is presented in table 2. As can be 

seen from the micrographs, all the preparation paths lead to the formation of vesicular 

structures and this is a significant result. However, and also significantly, differences in 

terms of type of vesicles and their mean size are observed. 

 

Figure 11: Imaging by light microscopy of samples with same composition (0.5 wt %, x16Ser = 0.58) prepared by 

different paths: A – weighing of the two solids (s+s); B – addition of 16Ser micellar solution to 8-8Ser aqueous 

dispersion (L1+d) and C – dilution of a concentrated sample, 5 wt% (dil).  

 

Based on DLS results all the samples are considered polydisperse because more than 

one vesicle population is observed or, when there is only one population, its 

distribution curve is very broad. The method involving the weighing of the two solids is 

the one that shows a smaller fraction of larger aggregates and, in fact, from 

microscopic observations (Figure 11 - A), structures above 10 m are not detected. 

According to DLS results, the vesicle population lies in the range of 100 nm – 1m; 

however, two dominant populations are observed, one with a mean size of 111 ± 8 nm 

(20%) and the other with a mean size of 463 ± 24 nm (70%). The paths involving both 

solution-dispersion mixing and dilution of concentrated sample, micrographs B and C, 

respectively, show higher polydispersity, with vesicular structures ranging from 300 nm 

to 20 m. The DLS measurements for sample B show two populations with a size in 

the range of 10 – 30 nm and 50 nm – 6 m. Moreover, for the range of 50 nm – 6 m, 

a bimodal distribution is observed with values of vesicle mean size of 185 ± 36 nm and 

525 ± 30 nm and with a frequency of 38 and 50%, respectively. Sample C presents, 

besides the multilayered structures with 10 – 20 m in diameter shown in fig 11 – C, 

also a very broad population of small aggregates. From the two populations detected 

by DLS, the population with sizes ranging from 40 nm to 1 m is the one with more  
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significance since it contains the two populations of vesicles with higher frequencies, 

111 ± 5 nm (20%) and 439 ± 18 nm (60%).  

 

All the samples were left on the shelf at 25ºC to monitor the effect of aging. After 1 

week the samples were analyzed by DLS and, as can be seen from in table 2, no 

significant changes were detected, except for samples C (which lost one of its 

populations) and A, which underwent from a bimodal to a wide unimodal distribution. 

 

Since all the samples used in this work were prepared by weighing of the solids, it is of 

utmost importance to know if there are any changes in time. After a period of 3 months 

and 2 years the samples present only one vesicle population with a mean size of ≈ 390 

nm, still remain bluish translucent solutions and under light microscopy the same 

range of aggregates is observed. Therefore, solely on the basis of these experiments 

one can state that either (i) these vesicles are aggregates in thermodynamic 

equilibrium (all paths lead to vesicle samples); (ii) or they are non-equilibrium 

structures (due to the different size distributions) but with long kinetic stability. 
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Table 3: Light microscopy  observations and DLS results for samples with same composition (0.5 wt %, x16Ser = 0.58) 

prepared by different paths and with different age. 

Sample 
age 

path 

Light 
Microscopy 

DLS 

Aggregate size 
range 

Population(s) 
size range 

Population(s) 
mean size / nm 

Population 
frequency (%) 

24 hours 

s + s 300 nm  -10 m 100 nm – 1m 

111 ± 8 
463 ± 24 
> 1000 

25 
70 
5 

L
1
 + d 300 nm - 20 m 

(10 – 30) nm 

50 nm – 6 m 

< 30  
185 ± 36 
525 ± 30 
> 1000 

8 
38 
50 
4 

dil 300 nm - 20 m 
(1 – 20) nm 

40 nm – 1m 

< 5  
111 ± 8 

439 ± 18 

10 
20 
70 

1 week 

s + s 

--- 

100 nm – 1m 
416 ± 25 
> 1000 

80 
20 

L
1
 + d (10– 30) nm 

50 nm – 2 m 

< 20 
106 ± 2 

342 ± 92 

10 
25 
65 

dil 

 
 (5 – 20) nm 

100 nm – 1 m 

< 5 
13 ± 2 

267 ± 26 

18 
16 
66 

3 months 

s + s 

---- 50 nm – 1m 
385 ± 98 
> 1000 

80 
10 

2 years 
 

30 nm – 1m 
389 ± 42 
> 1000 

95 
5 

 

3.4 Comparison between the systems. The phase maps of the systems studied can 

be qualitatively interpreted on the basis of geometric packing and electrostatic effects. 

When the molar fraction is equal to 1, there is only the cationic derivative in solution, 

and since this is a single-chain surfactant, the surfactant packing parameter Ps is 

around 1/3, favoring the formation of micelles. Once the fraction of the anionic 

surfactants starts to increase (xSer+ < 1), there is a decrease in the effective area per 

surfactant headgroup in the surfactant film due to electrostatic attractive interactions. 

Moreover, the effective hydrophobic volume should increase on account of the 

presence of the double-chained amphiphile. Both effects will induce an increase of the 

effective Ps, and consequently bilayer structures will be favored at some point.  
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Therefore, in these systems, an evolution from mixed micelles to vesicles is observed 

as more and more anionic surfactant is added towards equimolarity. Near  

equimolarity, both systems present associative phase separation, as expected. 

However, while this phase separation is a liquid-liquid phase separation for the 

16Ser/8-8Ser system (0.33 < x16Ser < 0.44), for the 12Ser/12-12Ser mixture 

 (x12Ser < 0.67) a crystalline precipitate in equilibrium with a solution is observed. This 

difference in behavior is, in principle, related to the Krafft temperature of the anionic 

surfactants (< r.t and 60 ºC for 8-8Ser and 12-12Ser, respectively), which, in turn, 

influences the behavior of the catanionic system. However, the chain length effect 

should also be taken into account. The equal length of the alkyl chains in the 

surfactants of the 12Ser/12-12Ser system should favor the packing of these molecules 

in a crystalline solid which is thermodynamically very stable. On the other hand, the 

differences in the alkyl chain lengths in the 16Ser/8-8Ser system seem to favor a 

liquid-liquid phase separation, indicating that soluble ion-pair complexes form at room 

temperature. In the cationic-rich side, both systems have a bluish solution region 

where vesicular structures are present. This is true for mixing ratios of  

0.43 ≤ x16ser ≤ 0.70 and 0.67 ≤ x12Ser ≤ 0.80 in the 16Ser/8-8Ser and 12Ser/12-12Ser 

systems, respectively. Note that in the first case, the vesicular region is located in the 

region around the nominal equimolarity of the system (x16Ser = 0.50). For an excess of 

anionic surfactant, turbid dispersions are observed in both systems, presenting 

vesicles and multilamellar structures; however, for the 12Ser/12-12Ser system these 

turbid dispersions coexist with crystalline clusters. 

 

4. CONCLUDING REMARKS 

We have shown here that through rational design and rigorous multitechnique 

characterization, one can build up both negatively and positively charged vesicles 

based on surfactants derived from the same amino acid, in this case serine. In fact, for 

the two catanionic systems herein investigated, 16Ser/K8-8Ser and 12Ser/K12-12Ser, 

vesicle regions are found both in the cationic- and anionic-rich side. In the cationic-rich 

side, this occurs for the composition ranges of 0.43 < x16Ser < 0.70 and 0.67 < x12Ser < 

0.80 in the 16Ser/K8-8Ser and 12Ser/K12-12Ser, respectively. The vesicles formed by 

the 16Ser/K8-8Ser system are spherical and single-walled, showing no defects and  



FCUP 
RESULTS AND DISCUSSION 

225 

 

 

 

having a slightly broader size distribution, with an average radius, r, of 100 nm. In the 

symmetric system (12Ser/K12-12Ser), VELM and DLS show the presence of 

multilamellar (r > 4 μm) and unilamellar (r ≈ 300 nm) vesicles. For an excess of anionic 

surfactant, turbid dispersions are observed in both systems, presenting vesicles and 

multilamellar structures; however, for the 12Ser/K12-12Ser system these vesicular 

dispersions coexist with crystallites.  

 

Although the spontaneous formation of vesicles with long term stability has been 

extensively studied, reports of systems based on biocompatible amino acid-based 

surfactants, in particular on cationic/anionic mixtures, are scarce. From the theoretical 

point of view, these new systems widen the understanding of catanionic vesicle 

formation by introducing more complex headgroups (amino acids) in the surfactant 

structure. From the biomedical point of view, the thermodynamic (or long colloidal) 

stability of catanionic vesicles and the chemical stability of their components become 

technologically advantageous over classical lipid-based vesicles or mixtures of 

commercial surfactants. Increased biocompatibility of amino acid-based vesicles 

makes them a suitable alternative as nanocarriers for biomolecules. Hence, this is a 

pioneering study in the literature, opening the door to a range of biologically relevant 

applications for these aggregates in terms of molecular delivery. 
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6.SUPPORTING INFORMATION.  

NMR and HRMS spectra of the final compounds. 
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This PhD dissertation work has mainly comprised a bottom-up strategy of design, 

synthesis and physicochemical characterization of serine-based surfactants, with 

the ultimate goal of developing nanocarriers for biological molecules. Several 

families of novel serine-based surfactants, in particular gemini surfactants (amine, 

amide and ester series), with long alkyl chains have been successfully obtained. 

The most efficient synthetic pathways have been established and the reaction 

conditions have been optimized. All the compounds have been obtained with 

moderate to good yields.  

For all the synthesized compounds the physicochemical properties have 

been investigated. With respect to monomeric surfactants all the compounds 

showed lower cmc values than the conventional analogues. For the C18 alkyl chain 

serine-derivative, the introduction of a double bond in the alkyl chain (oleyl) 

considerably decreases the Krafft temperature, increasing the cmc by a 4-fold 

factor. For the same surfactant, change in the counterion from trifluoroacetate to 

iodide has a relatively small effect on both the cmc and Krafft temperature of the 

compound.  

In what concerns to the gemini surfactants, the results obtained from 

surface tension and conductimetry measurements have shown that these 

compounds present enhanced interfacial properties compared to the monomeric 

analogues, and show improved performance, with respect to the conventional bis-

quaternary ammonium salts. The nature of the spacer linkages has no significant  
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effect on the surface and aggregation properties when the number of methylene 

groups (m) in the spacer is two or five (for amide and ester series). However, a 

significant difference in the solution behavior has been observed for 12-methylene 

spacer compounds: whereas the amine derivative forms micelles in solution, the 

amide and ester derivatives spontaneously form vesicles. Overall, these results 

point to a good surface activity performance for the new compounds.  

The compounds were also evaluated for their cytotoxic profile. In vitro 

studies with HeLa cells have shown that the serine-based surfactants exhibit lower 

cytotoxicity effects than the conventional bis-quats and monomeric analogues. The 

results obtained have further demonstrated that for the amine series the less 

cytotoxic compound has a 12-carbon alkyl chain. Comparing the three families, the 

best results were obtained for the amine series. 

The differential behavior of gemini surfactants with 12-carbon spacers, in 

particular the proneness to spontaneously form liposomes, prompted us to study 

their interaction with DNA. Thus, studies of DNA compaction by these gemini 

surfactants in absence and presence of a helper lipid were carried out. For 

comparison purposes the amine derivatives were also used. Although, there are 

significant differences in terms of size, zeta potential and stability of the lipoplexes 

formed, all the surfactants were able to efficiently compact DNA. The results 

obtained clearly show that these new surfactants are promising and versatile 

vehicles for DNA in non-viral gene therapy. 

In the final part of this work, a comprehensive investigation of the phase 

behavior and microstructural properties of aqueous mixtures of monomeric cationic 

and anionic serine-based surfactants was undertaken. Phase maps for the 12Ser/12-

12Ser and 16Ser/8-8Ser mixtures were built. It was possible to observe the formation 

of stable vesicles in both systems.  For the two systems, vesicle regions are found in 

the cationic- and anionic-rich side. In the cationic-rich side, this occurs for the 

composition ranges of 0.43 < x16Ser < 0.70 and 0.67 < x12Ser < 0.80 in the 16Ser/K8-8Ser 

and 12Ser/K12-12Ser, respectively, where xi represent the molar fraction of the 

cationic surfactant in the mixture. The vesicles formed by 16Ser/K8-8Ser system are 

spherical, mainly unillamelar, presenting an average radius, r, of 100 nm. In the 

symmetric system (12Ser/K12-12Ser), multilamellar (r > 4 m) and unilamellar (r ≈ 300 

nm) vesicles are observed. For an excess of anionic surfactant, turbid dispersions are  
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observed in both systems, presenting vesicles and multilamellar structures; however, 

for the 12Ser/K12-12Ser system these vesicular dispersions coexist with crystallites. 

Thus, we also have demonstrated through our work that ionic serine-based surfactants 

are also amenable to form catanionic vesicles, spontaneously and with long-term 

stability, provided that the right combinations of molecules and experimental conditions 

(in particular pH, temperature and composition) are chosen. These observations pave 

the way to applications of these vesicular aggregates as efficient carriers for controlled 

delivery of biomolecules. 

The compounds synthesized and characterized in this work are currently 

being tested both as DNA/RNA vehicles for gene delivery, using different helper 

lipids, and as drug nanocarries. 
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